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                                                ABSTRACT 
Expression and characterization of fungal exocellulases  
Sonali Kiran Lagu 
 Although plant biomass is among the earth’s most abundant renewable resources, the high cost 
of converting it to usable sugars currently prevents it from being used as an effective 
replacement of petroleum as a feedstock for the production chemicals, power and fuels. One way 
of reducing costs is to improve the performance of the enzymes used to hydrolyze plant biomass. 
Bacteria and fungi that degrade plant biomass produce mixtures of enzymes, including 
endoglucanases, cellobiohydrolases and -glucosidases, which work synergistically to hydrolyze 
the polymers in plant biomass to monomeric sugars. Biochemical parameters such as cell wall 
structure, pH and temperature can critically influence the rate and extent of plant biomass 
hydrolysis. Cellobiohydrolase (Cbh) types I and II release cellobiose by hydrolyzing cellulose 
polymers from their reducing and non-reducing ends. Here, I have made an attempt to establish 
benchmark cellulase hydrolysis assays using commercially available cellulase systems and the 
model substrate PASC. A library of fungal cellobiohydrolases were cloned and expressed using 
the filamentous fungus Aspergillus niger as the expression host. Activity assays were used to 
identify cellobiohydrolases that could be expressed as enzymatically active enzymes by A. niger. 
These enzymes were then subjected to biochemical characterization using enhancement studies 
with commercial cellulase mixtures. In addition, the biochemical properties of the characterized 
cellobiohydrolases were correlated with their primary sequence information.     After initial 
screening based on levels of expression and enzyme activity, six cellobiohydrolases were 
selected as promising targets.  Enhancement studies of commercial cellulase mixtures using four 
of these enzymes was done using two experimental designs. Although the properties of the 
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different cellobiohydrolases were similar in many respects, there were significant differences in 
expression levels and relative activities, which may make some more attractive as candidates for 
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Introduction 
     Ethanol produced from cellulosic biomass can be a sustainable source of energy and a 
potential substitute for petroleum (Banerjee G et al. 2010); however, costs associated with the 
enzymatic hydrolysis of cellulosic biomass into the fermentable glucose used for biofuels 
production remains a major challenge faced by the biofuels industry. The objective of my MSc 
research was to screen for cellulases that synergistically enhanced the cellulose hydrolyzing 
efficiency of a commercial cellulase system. 
      Bioethanol produced using cellulosic feedstocks has several advantages relative to 
transportation fuels derived from petroleum. These advantages include: the reduction of 
greenhouse gases emissions by 8% to 30% depending on the type of renewable feedstock and the 
production method  (Borjesson P et al. 2009, Fairley P 2011, Kim S and Dale B 
2005, and  Curran MA 2007);  reduced environmental impact from spills because bioethanol is 
biodegradable and can easily be diluted to non-toxic concentrations; improved trade balances; 
and, reduced dependence on foreign oil mitigates national security issues related to reliance on 
imported oil (Demirba A 2008).  
     Producing ethanol from sucrose and starch means that the feedstocks used for ethanol 
production are also used as food for humans and as feed for animals, therefore producing 
bioethanol from these feedstocks has resulted in the ‘Food versus Fuel’ controversy (Tenabaum 
DJ 2008, Mudge SM 2008). An attractive alternative to using cornstarch and sucrose from 
sugarcane feedstocks is to use a variety of non-food substrates that are economical, locally 
available and produced in large quantities. Several efforts have been made to use agricultural 
waste such as corn stover, corn cobs, sugarcane bagasse, forest industry waste such as beetle 
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infested lodgepole pine wood (Kumar A 2009), and graminaceous plants or grasses such as giant 
reed (Arundo donax), switchgrass (Panicum virgatum) and miscanthus (Miscanthus giganteus) 
(Raghu S 2006). A major challenge associated with using these abundant but complex feedstocks 
is achieving efficient hydrolysis.  
Biomass Composition: 
     The major components of lignocellulosic biomass are cellulose (40-50%), hemicellulose 
(20-30%) and lignin (20-30%) (Kumar R et al. 2008). Minor components are organic extractives 
such as terpenes and inorganic components such as ash.   The structure of the plant cell wall and 
the relative proportions of its major components vary depending on the plant species, 
development stage, cell type and the local environmental conditions (Markus P 2008).   The 
general arrangement of the three major components is a hetero-matrix (Figure 1).   Cellulose 
chains, formed of exclusively glucose molecules connected by 1-4 beta-linkages compose the 
crystalline and amorphous microfibrils.  Hemicellulose forms cross-links between cellulose 
microfibrils and lignin. Hemicellulose and lignin are connected by ester and ether linkages.  The 
cellulose, hemicellulose and lignin are embedded together in a matrix.  The main function of the 
cellulose and hemicellulose polymers are to provide load-bearing strength to the cell wall  
whereas, lignin provides mechanical support, and contributes to pathogen resistance and vascular 














Figure 1. Structure of lignocellulosic biomass. The building blocks of cellulose, hemicellulose and 
lignin, are shown. Cellulose is a linear glucose polymer where glucose residues are linked by β-1,4-
glycosidic bonds. Hemicellulose is a branched polymer (five and six carbon sugars), which serves as an 
interface between lignin and cellulose and is chemically bonded to lignin.  Lignin is a polymer of 
phenylpropane units linked primarily by ether bonds.  Figure is adapted from “Bimetallic catalysts for 
upgrading of biomass to fuels and chemicals.” (Alonso DM et al. 2012) Chem Soc Rev 41: 8075-8098 
with permission of Royal Society of Chemistry. 
 
Molecular structure of cellulose: 
 Cellulose is a linear homo polysaccharide consisting of numerous (up to 20,000) ß-1-4 
linked glucose units (Zhang YHP 2004).  Cellulose is widely distributed in plants, marine 
animals such as tunicates, and in some algae, fungi, bacteria and protozoans such as 
Dictyostelium discoideum (Habibi Y 2010). The cellulose chains cluster together by van der 
Waals interactions between the hydrophobic faces of the glucose residues and inter chain 
hydrogen bonds, giving rise to crystalline microfibrils (Parthasarthi R 2011; Chundawat SPS 
2011).  Based on X-ray scattering data each vascular plant microfibrils consists of about 36 
cellulose chains (Fernandes AN et al. 2011, Somerville C 2004). Each microfibril is composed of 
about 6 elementary fibrils twisted together, where each elementary fibril is composed of about 6 
parallel cellulose chains (Jarvis MC 2013). Microfibrils linked by hemicelluloses form 
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macrofibrils (bundles of microfibrils). In vascular plants, the elementary fibrils have diameters of 
about 2 m, microfibrils have diameters of about 5 m and macrofibrils have diameters up to 1 
m (Figure 2).  
 
Figure 2. Hierarchical structure of wood biomass and the characteristics of cellulose microfibrils. 
Cellulose fibers are composed of cellulose macrofibrils. Each cellulose macrofibril is made of many 
cellulose microfibrils. Each cellulose microfibril consist of about 6 elementary fibrils, and, each 
elementary fibril (not shown in this figure) is composed of about 36 parallel cellulose chains.  Figure is 
adapted from “TEMPO-oxidized cellulose nanofibers” (A. Isogai et al., 2011) Copyright 2010, Royal 
Society of Chemistry with permission.  
 
 Cellulose chains are synthesized by cellulose synthase, which extends the growing 
cellulose polymer by adding glucose units to the non-reducing end (Koyama M et al. 1997). The 
4C1 chair conformation adopted by D-glucopyranose rings lead to positioning of hydroxyl 
groups in the equatorial plane, and hydrogen atoms in the axial (vertical) plane (Habibi Y 2010).  
Each D-glucose residue is added via a - (1-4) linkage and in crystalline cellulose each glucose 
unit of a cellulose polymer is rotated by 180 degrees relative to its neighbours.  Hence the 
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disaccharide cellobiose rather than glucose is the repetitive unit of cellulose (Figure 3). 
Depending upon the source of cellulose the number of glucose units that constitute each polymer 
varies from 100 to 20,000 (Zhang YHP 2004). The number of glucose units in a cellulose 









Figure 3. The structure of cellulose. Cellobiose is the structural repetitive unit of cellulose. Adjacent 
anhydroglucose units are linked by -1-4 linkages. Each cellulose chain has a stable closed ring structure 
at one end, the non-reducing end, and an unstable free anomeric carbon hemiacetal at the other end, the 
reducing end.  Figure is adapted from “Cellulose—model films and the fundamental approach” (E. 
Kontturi et al., 2006) Copyright 2006, Royal Society of Chemistry with permission.  
The cellulose chain contains three types of anhydroglucose units: reducing end glucose 
units with an aliphatic structure that can dissociate to from an open structure with an aldehyde 
(Figure 3) at the C-1 carbon atom (Figure 4); non-reducing end glucose units with a closed ring 
structure having a free hydroxyl on the C-4 atom (Figure 4); and, internal anhydroglucose units 
that are linked together by glycosidic bonds between the C-1 and C-4 carbons of adjacent 
glucose residues (Figure 3 and 4). The cellulose chains, with a reducing end and a non-reducing 







Figure 4. D-Glucose structure. D-Glucose structure can be represented with (a) a Fischer projection or 
(b) three dimensionally (c) β-D-glucose (cyclic monosaccharide) is produced by reacting the OH group 
on the fifth carbon atom with the aldehyde group. During conversion of carbohydrate molecule (above 
glucose) from acylic to cyclic form the carbonyl carbon transforms into a new stereocentre or chiral 
centre referred to as Anomeric carbon atom. Figure was adapted and modified from 
http://creativecommons.org/licenses/by-nc-sa/3.0/. 
     In vascular plants the cellulose microfibrils contain both crystalline and amorphous 
regions.   The amorphous regions are regions where inter chain dislocations occur in the 
microfibrils. As a result of internal strain produced by tilting and twisting more disorder occurs 
towards the surface than in the core of each microfibril (Fernandes AN et al. 2011).   
Six different polymorphs of cellulose are found: cellulose I, II, IIIi, IIIii, IVi, and IVii.   
These polymorphs result from variation in hydrogen bonding pattern and molecular orientation 
depending on the source of cellulose, method of extraction and treatment. In nature mainly 
cellulose I (Figure 5) is found. There are two suballomorphs of cellulose I, I-α  and I-ß, where 
the proportion of I-α varies from about 20% in cotton to about 65% in Valonia (Brett CT 2000).  
Although the cellulose chains adapt a parallel arrangement in both I-α and I-ß polymorphs of 
cellulose, they differ in hydrogen bonding pattern. The unit cell structure of I-α is triclinic P1 
containing only one cellulose chain per unit cell (Figure 6a), whereas I-ß is monoclinic P2 and 
contains 2 chains per unit cell (Figure 6b).  I-α is a metastable form and can be converted to the 
Cyclic form  
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I-ß form by twisting in a plane that is at 39° orthogonal to the hydrogen-bonded plane of the 
cellulose sheet (Sugiyama J 1990; Jarvis M C 2000) 
 
Figure 5. The inter- and intra-chain hydrogen bonding pattern in cellulose I. Dashed lines represent 
inter-chain hydrogen bonding. Solid and dotted lines represent intra-chain hydrogen bonding. Figure was 
adapted and modified with permission from “Structure, organization, and functions of cellulose synthase 
complexes in higher plants” (Festucci-Buselli, R.A., Otoni, W.C., and Joshi, C.P. 2007) Brazilian Journal 






























































Figure 6. Structures of cellulose Iα and cellulose Iβ.  Panel a, the triclinic P1 structure of crystalline 
cellulose Iα. Panel b, the monoclinic P2 structure of crystalline cellulose Iβ. Panel cellulose Iβ, the 
covalent and hydrogen bonding of crystalline cellulose 1β. Panel Cellulose Iα, the covalent and hydrogen 
bonding of crystalline cellulose Iα, C, O, and H atoms are represented as gray, red, and white balls 
respectively. Covalent and hydrogen bonds are represented as full and dashed sticks.. Adapted with 
permission from “Cellulose IIII crystal structure and hydrogen bonding by synchrotron X-ray and neutron 
fiber diffraction.” (Wada M et al. 2004) Macromolecules 37: 8548-8555 Copyright (2012) American 
Chemical Society. 
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  Cellulose II is the most crystalline and thermodynamically stable form of cellulose. 
Cellulose II can be obtained by (i) chemical regeneration by dissolving cellulose in a chemical 
solvent such cupric hydroxide or aqueous ammonia and then reprecipitating in water, or (ii) 
mercerization by swelling cellulose I using swelling agents like concentrated sodium hydroxide 
or 65% nitric acid and then removing the swelling agent (Chedin 1959).  Cellulose II has an anti- 
parallel arrangement of chains in the cellulose fibres. This arrangement is more stable than 
cellulose I, which has a parallel arrangement of chains.  Cellulose I has mainly O6-H---O3 inter-
chain bonding whereas in cellulose II O6-H---O2 inter chain bonding is dominant. The rigid and 
linear structure of both the cellulose I and II polymorphs is attributed to intra-chain bonding 
(Langan P et al. 2001; Nishiyama Y et al. 2002, 2003), with O3-H---O5 intra chain bonding 
being present in both polymorphs and O2-H---O2 also present in cellulose I  
 
Figure 7. The structures of cellulose I and cellulose II. The major supramolecular distinction between 
cellulose I and cellulose II is the presence of O6-H---O3 inter-chain hydrogen bonding in cellulose I 
versus O6-H---O2 hydrogen bonding in cellulose II. Adapted with permission from “Modification of 
cellulosic fibers by UV-irradiation. Part II: After treatments effects” (Zuber M et al. 2012) Copyright 
(2012) Elsevier.  
 
The cellulose IIIi and cellulose IIIii polymorphs of cellulose can be obtained by treating 
cellulose I and II with swelling agents such as ammonia or other amines and then removing 
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them.  Depending upon the starting form of cellulose either of the polymorphs can be obtained 
i.e. cellulose I would give cellulose IIIi and cellulose II would give cellulose IIIii.  
Cellulose IVi and IVii   can be obtained by heating cellulose IIIi or cellulose IIIii to 260°C 
in glycerol (Gardiner ES and Sarko A 1985).  Cellulose IIIi or cellulose IIIii can be reverted to 
native cellulose I and cellulose II by evaporating excess ammonia (- NH3 in Figure 8) (Chanzy H 
1979; Helbert W 1997). 
 
Figure 8. Interconversion of the polymorphs of cellulose. Cellulose IIIi or cellulose IIIii can be 
obtained from cellulose I and cellulose II, respectively by NH3 treatment. Cellulose IIIi and 
cellulose IIIii can be further converted by heating at 260ºC in glycerol to cellulose IVi and 
cellulose IVii, respectively.  NH3 (L) stands for the liquid ammonia used for treatment and -NH3 
(g) for evaporated ammonia during reversible reaction. Reprinted from “Cellulose: the structure 









  Hemicellulose is a term used for non-cellulosic polysaccharides.  Hemicelluloses vary 
greatly from each other in their structural and physiochemical properties. Unlike cellulose they 
are highly branched and are composed of polymers with 500-3,000 sugar units. They are 
heterogeneous polysaccharides that can have both 5- and 6- carbon sugars. Xyloglucans are 
abundant in the primary walls of non-graminaceous plants, galactomannans are abundant in the 
cell walls of solanaceous plants, and mixed-linkage -glucans are found in the cell walls of 
graminaceous plants. Xylans are abundant in grasses and woody plants, whereas glucomannans 
are abundant in gymnosperms (softwoods like spruce and pine). The hemicellulose 
heteropolymers consist of pentoses such as xylose and arabinose, and hexoses such as mannose, 
glucose and galactose.  Hemicelluloses are easier to degrade than cellulose; however, due to 
complex branching and acetylation patterns their hydrolysis requires enzyme cocktails that 
include xylanases and accessory enzymes that can remove branching residues and acetylation 
from the xylan backbone. Further, hemicellulose hydrolysis yields a mixture of different sugars 
including pentoses, which are difficult to ferment (Varnai A 2011). 
Lignin: 
Lignin is complex polymer of aromatic alcohols known as monolignols. It is a relatively 
hydrophobic aromatic branched polyphenolic macromolecule assembled by mainly beta-O4-aryl 
linkages. Lignin contains subunits derived from the methoxylated monolignols p-coumaryl 
alcohol, coniferyl alcohol, and sinapyl alcohol.  The ratio of monolignols varies depending upon 
the source of the lignin (Chen F 2007). Lignin is cross-linked with the cell wall hemicelluloses 
and cellulose by ester, ether and glycosidic linkages (Takahashi N and Koshijima T 1988;  
Sun  X et al. 2005). Depolymerization of lignin by microbes in nature is well documented 
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(Martinez A et al. 2005, Fuchs G et al. 2011).  But industrial-scale lignin depolymerization poses 
a major challenge, because most of the enzymes that act on lignin are co-factor dependent 
oxidoreductases that are expensive. Present lignin depolymerization efforts are therefore directed 
at developing thermochemical methods such as pyrolysis, gasification, hydrogenolysis, chemical 
oxidation and hydrolysis under supercritical conditions (Pandey MP 2011). 
Enzymatic Depolymerization of Cellulose: 
Enzyme technology seems to be more suitable than thermochemical methods for the 
depolymerization of lignocellulosic substrates, because enzymatic hydrolysis preserves the 
carbohydrate structure in the form of monomeric sugar units and does not produce by-products 
that inhibit the growth of ethanol fermenting yeast (Horn SJ et al. 2012). Recent nano-meter 
scale atomic microscopy studies (Ding S et al. 2012) showed that the preferred binding sites for 
microbial cellulases are the hydrophobic planar faces of cellulose molecules.  Although these 
sites are exposed in the primary cell wall, they are covered by lignin in the secondary cell wall, 
which makes it difficult for enzymes to access the cellulose in secondary cell walls.  
The enzymatic degradation of cellulose requires enzymes that can break its ß-1-4-linkages; 
however, since most vascular plant cellulose is buried within a matrix of lignin, pectin and 
hemicellulose, a battery of enzymes consisting of ligninases, pectinases and hemicellulases is 
required to expose the cellulose.  The exposed cellulose can then be hydrolysed by cellulases to 
yield sugars.   
A cellulase enzyme system is the collection of cellulase enzymes produced by a cellulolytic 
strain of bacteria or fungus ( Zhang YHP et al. 2006).  In general there are two different types of 
cellulase enzyme systems, namely “anaerobic cellulase enzyme systems” and “aerobic cellulase 
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enzyme systems” ( Zhang YHP et al. 2006). Anaerobic cellulase systems are high-molecular 
weight, multi-enzyme complexes called cellulosomes; whereas, aerobic cellulase systems are 
composed of several enzymes that do not physically interact.  Recent microscopic studies of 
delignifiied cell walls showed that cellulosomes hydrolyze cellulose at the cell wall surface and 
around the plamodesmata, whereas aerobic cellulases systems act by penetrating deep into the 
cellulose microfibrillar network (Ding S et al. 2012). The collection of cellulase enzymes that 
can be present in cellulase systems can be divided into two major groups based on the type of 
reaction catalyzed, the glycosyl hydrolase cellulases (GHs) and the lytic polysaccharide mono 
oxygenase cellulases (LPMOs). 
Glycosylhydrolase cellulases:  
The cellulose active GHs include endoglucanases, exoglucanases/cellobiohydrolases, and 
cellobiases/ß-glucosidases. The endoglucanases (Egs) (EC 3.2.1.4) hydrolyze internal -1, 4-
glycosidic bonds in amorphous cellulose and expose new cellulose polysaccharide chain ends 
thereby creating additional reducing and non-reducing ends (Lin Z et al. 2011). The 
exoglucanases (EC 3.2.1.91) (Cbh1s and Cbh2s) hydrolyze terminal glucosidic bonds and make 
crystalline cellulose amorphous thereby providing an entry point for endoglucanases and water 
molecules. Cbh1s and Cbh2s cleave the exposed reducing and non-reducing ends respectively of 
the polysaccharide chains produced by endoglucanase action, thereby releasing cellobiose units 
(Reese T 1975). The ß-glucosidases (EC 3.2.1.21) convert cellobiose and soluble cellulodextrins 




Figure 9: The role of three major cellulases in the hydrolysis of cellulose. The endos represent 
endoglucanases that act at internal amorphous sites, the exosR and exosNR represent exoglucanases that 
act at the reducing and non-reducing ends of cellulose polymers, and the β-Gases represent β-glucosidases 
that act on soluble cellodextrins, mainly cellobiose. Figure was adapted and modified with permission 
from “Outlook for cellulase improvement: Screening and selection strategies.” Zhang Y-P, Himmel ME, 
Mielenz JR (2006) Biotechnol Adv 24: 452-481  
Currently, enzymes from Trichoderma reesei and Aspergillus niger are used for biomass 
deconstruction as well as other industrial uses (Lin Z et al. 2011). Enzymes from Humicola 
insolens and Bacillus sp. are used for food processing (Lin Z et al. 2011).  As a result of multiple 
rounds of strain improvement, cellulase system production by T. reesei has reached to about 100 
grams per litre.  Although cellulase systems from A. niger are used for some commercial 
applications, due to high levels of cellulase system production by T. reesei, it has been the 
preferred organism for the production of commercial cellulase systems (Zhang YHP and Lynd 
LR 2004).  
The T. reesei genome codes for 15 characterized cellulolytic GHs (Glycosyl Hydrolases), 
two exoglucanases (Cel7A/Cbh1 and Cel6A/Cbh2) (EC 3.2.1.91, CBH), six endoglucanases 
(Cel7B/Eg1, Cel5A/Eg2, Cel12A/EG3, Cel45A/EG5, Cel74A and Cel5B) (EC 3.2.1.4, EG), and 
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seven -glucosidases (EC3.2.1.21, Bgl) (Ouyang et al. 2006).  Cbh1, Cbh2, Eg1 and Eg2 are the 
predominant cellulases in the cellulase system produced by T. reesei (Nidetzky B et al. 1994). 
 The Cbhs progressively cleave the cellulose polymers from the reducing and the non-
reducing ends (Divne C et al. 1998; Jeoh et al. 2007), while the Egs cleave the ß-glycosidic 
bonds internal to the cellulose chain (Karlsson J et al. 2002). Short, soluble oligosaccharides 
cellobiose, cellotriose and cellotetrose are generated by the combined action of the Cbhs and Egs 
on cellulose polymers.  The soluble oligosaccharides are then cleaved into glucose monomers by 
the Bgls (Cel3A, Cel1A, Cel3B, Cel3C, Cel1B, Cel3D and Cel3E) (Takashima S et al. 1999; 
Foreman et al. 2003).  These 15 GHs cooperatively hydrolyse the crystalline cellulose in the 
plant cell walls (Takashima S et al. 1999; Foreman PK et al. 2003). All T. reesei cellulases 
except Eg3 and the seven Bgls have both a catalytic module (CM) and a cellulose-binding 
module (CBM) (Lynd LR 2002). 
T. reesei secretes lower levels of ß-glucosidase than A. niger; however, A. niger produces 
lower levels of endoglucanase activity (Kumar R et al. 2008; Zhang YHP and Lynd L R 2004).   
Also, the major secreted ß-glucosidases from T. reesei are more sensitive to glucose inhibition 
(product inhibition) (Van Zyl WH et al. 2007) than are the ß-glucosidases produced by 
Aspergillus species. ß-glucosidases, Bgl1 and Bgl2 isolated from Aspergillus aculeatus by 
(Sakamoto et al. 1985) were active on soluble cellooligosaccharides ranging from cellobiose to 
cellohexose and insoluble cellooligosaccharides as long as 20 glucose units. 
 A recombinant T. reesei strain expressing A. aculeatus Bgl1 was constructed by Nakazawa 
H et al. 2012. The culture supernatant obtained from this recombinant strain grown on a mixture 
of Avicel and xylan as the substrate was able to hydrolyse NaOH treated rice straw at a 
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significantly lower enzyme loading than was obtained with the supernatant from the parent strain 
lacking the A. aculeatus Bgl1 gene. Using a genome based enzyme discovery approach Tambor 
JH et al. 2012 screened for novel fungal endoglucanases that in binary combinations with T. 
reesei Cel7A increased hydrolysis rates relative to rates obtained with T. reesei Cel7A and 
Cel5A.  They identified three fungal endoglucanases that gave increased hydrolysis rates relative 
to that obtained with TrCel5A/Eg2. Based on the above findings it should be possible to 
formulate new cellulase cocktails that are capable of cellulose saccharification efficiencies 
greater that that obtained with the T. reesei cellulase system. 
The oxidative cellulases: 
Chitin is one of the biosphere’s most abundant biopolymers and is an important structural 
component in a diverse set of organisms, including: the cell walls of fungi; the exoskeletons of 
crustaceans such as crabs, lobsters and shrimps; the exoskeleton and wings of insects; the radula 
of mollusks; and the internal shells of cephalopods including squids and octopuses. Chitin 
(C8H13O5N)n is a long chain of  N-acetyl glucosamine (2-(acetylamino)-2-deoxy-D-glucose) 
residues linked by β-1, 4 linkages similar to those found between glucose resides in cellulose. 
The amine group allows increased hydrogen bonding between adjacent polymers increasing the 
strength of the chitin matrix.  The glucose residues of chitin are modified by replacing a 





 Figure 10. Structure of chitin molecule. Structure of the chitin molecule, showing two β-1, 4 
linkaged N-acetylglucosamines, the repeat unit in chitin chains. Reprinted from 
http://en.wikipedia.org/wiki/File:Chitin.svg 
 
Like the cellulase enzyme systems chitinolytic enzymes systems have evolved in 
bacterial and fungi. The most well characterized chitinolytic enzymes system is that of the 
enterobacteria Serratia marcescens. The S. marcescens chitinolytic enzyme system includes at 
least 5 glycosylhydrolases (4 GH18 chitinases, ChiA, ChiB, ChiC1 and ChiC2, and one GH20 
chitobiase, Chb) (Fuchs RL et al. 1986, Kless H et al. 1989). In 2005 Vaaje-Kolstad et al. 
discovered that S. marcescens produces a protein (CBP21) that increases substrate accessibility 
and promotes chitin hydrolysis. This protein was originally classified as a family 33 
carbohydrate-binding module (CBM33).  Moser F et al. 2008 showed that Thermobifida 
fusca CBM33 proteins could act as a potentiating factor for chitin hydrolysis by chitinases 
(Sanchez B et al. 2011) and, possibly, cellulose hydrolysis by cellulases. Although bacteria and 
viruses have been known to have CBM33 encoding genes  they are rare in eukaryotes.,  Fungal 
proteins formerly classified as family 61 glycoside hydrolases (GH61) that are structurally 
similar to CBM33 proteins have shown to enhance cellulose hydrolysis by cellulases (Harris PV 
et al.  2010).  
Until 2010, it was unclear how CBM33s and GH61s worked; however, ((Vaaje-Kolstad 
et al. (2010), Forsberg Z et al. (2011), Quinlan RJ et al. 2011 and Vaaje-Kolstad et al. (2012)) 
showed that CBP21 is an enzyme that cleaves glycosidic bonds in chitin in an oxidative manner, 
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generating a normal non-reducing chain end and a chain end comprising a C1-oxidized sugar 
called aldonic acid.  These studies also showed that the activity of CBP21 is boosted by adding 
electron donors such as ascorbic acid and that enzyme activity depends on the presence of 
polysaccharide monooxygenases (LPMOs) and the CAZy database has reclassified CBM33 
LPMO proteins (Agger JW et al. 2014), as family 10 auxiliary activity enzymes or AA10 
enzymes (Levasseur A et al. 2013). Similar results have been obtained for the cellulose active 
GH61 proteins, which have now been reclassified as lytic polysaccharide monooxygenases and 
assigned by CAZy to auxiliary activity enzyme family 9 (AA9 enzymes). AA9 enzymes like 
AA10 members require bivalent copper (Cu+2) co-ordinated in the active site (Li X et al. 2012). 
AA9 proteins also need an electron donor such as ascorbic acid, reduced glutathione, or gallic 
acid to boost their activity (Quinlan RJ et al. 2011). 
Oxidative cleavage occurs when a C-C bond is broken to form a C-O bond.  CBP21 
cleaves glycosidic bonds in chitin by oxidation (molecular O2 is involved) generating a non-
reducing end and a C1-oxidized aldonic acid end (Figure 12). CBP21 activity depends on the 
presence of bivalent copper (Cu+2) coordinated in the active site; however, addition of electron 







Figure 11.  Schematic overview of the reaction catalyzed by CBP21 a LPMO. The enzyme carries a 
reduced copper ion that transfers an electron to molecular oxygen, which results in forming a superoxo 
intermediate that initiates cleavage of the substrate. A non-oxidized product (‘HO-R’) with a newly 
generated non-reducing end is produced and a product where the downstream end is oxidized to yield an 
aldonic acid. The aldonic acid contains one oxygen coming from O2 (red) and one as a result of 
hydrolysis by bulk water (blue). Note that GH61-type LPMOs seem to vary with respect to which side of 
the scissile bond they oxidize: some oxidize C1 (as CBP21), others oxidize C4 or C6, on the downstream 
side of the scissile bond. Figure reproduced with permission from “NMR structure of a lytic 
polysaccharide monooxygenase provides insight into copper binding, protein dynamics, and substrate 
interactions” (Aachmann F L et al. 2012) Proc Natl Acad Sci USA 109: 18779-18784 
 
In case of oxidation of glucose at C1 position by AA9 proteins, lactones are produced 
which are then either spontaneously or enzymatically hydrolysed to aldonic acid. C4 oxidation 
results in production of ketoaldoses (Dimarogona M et al.2012).  The inhibitory effect of C-4 




Figure 12.  C1 and C4 oxidation by GH61 enzymes. C1 oxidation lactones are produced that 
spontaneously or enzymatically get hydrolysed to aldonic acid and C4 oxidation results in production of 
ketoaldoses. Reprinted with permission from “Cellulose degradation by oxidative enzymes” Dimarogona, 
Maria, Evangelos Topakas, and Paul Christakopoulos. Computational and Structural Biotechnology 
Journal 2 (2012): e201209015. PMC. Web. 4 Dec. 2014. 
 
Glucanases need pretreated substrates with disrupted crystallinity whereas AA10 and 
AA9 enzymes can act on carbohydrate chains at the surface of more compact and inaccessible 
crystalline materials.  Interestingly, Hypocrea jecorina (T. reesei), the strain used for the 
production of commercial cellulase systems expresses only two LPMO/GH61 proteins.  To 
address the low GH61 activity present in the T. reesei cellulase system current cellulase 
preparation, Cellic CTec2 by Novozymes, is supplemented with extra GH61 enzyme. A recent 
study showed an increased cellulose conversion when LPMO/GH61 containing Cellic CTec2 
was applied on pretreated wheat straw under conditions as close as possible to a bioethanol 
production setup (Cannella D et al. 2012).  However, it was found that gluconic acid produced as 
a result of C1 oxidation had increased inhibitory effect on cellulose conversion.  Also, the 
production of gluconic acid was inhibited at increased temperatures (Cannella D et al. 2012). 
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Recently, Hemsworth GR et al. 2013 reported a new family of LPMO enzymes (AA11) 
from Aspergillus oryzae (koji mold) that have characteristics somewhat in between those of the 
AA9 and AA10 families. Although the overall fold and metal coordination were basically similar 
to the known LPMOs, the new family has a slightly convex surface where the copper active site 
sits.  In the future it is likely that auxiliary family enzymes like the AA9, AA10 AA11 enzymes 
will make a major contribution to reducing the cost of biomass conversion. 
 
       
Figure 13. A simplified scheme of the current view on the enzymatic degradation of cellulose, 
involving cellobiohydrolases (CΒH), endoglucanases (Eg), type 1 and type 2 LPMOs (LPMO1 and 
LPMO2, respectively). Cellobiose dehydrogenase (CDH) is a potential electron donor for PMOs. Egs 
and PMOs cleave cellulose chains internally releasing two new chain ends that are targeted by CBHs. 
CBHs generate cellobiose or oxidized cellobiose that is subsequently hydrolyzed by β-glucosidase. 
Reprinted with permission from “Cellulose degradation by oxidative enzymes” Dimarogona, Maria, 
Evangelos Topakas, and Paul Christakopoulos. Computational and Structural Biotechnology Journal 2 






Structural organization of cellulases: 
 The gene sequence of fungal and bacterial cellulases reveals that many of these proteins 
have two independent domains, a CM (Catalytic Module) and a CBM (Carbohydrate Binding 
Module) connected by a highly glycosylated flexible linker peptide (Gilkes NR et al. 1991) 
(Beguin P 1990)  (Figure14). 
                         
Figure. 14. The cellobiohydrolase I enzyme (Cbh1) from T. reesei. Cbh1 consists of three sub-
domains: left, the catalytic domain; middle, the linker peptide with O-glycosylations (pink); and right, the 
carbohydrate binding module. A single cellulose chain from the cellulose microfibril (green) is 
hypothesized to thread into a tunnel in the CD; the chain is cleaved and the two-sugar product, cellobiose, 
is expelled from the left end of the tunnel. Reprinted with permission from “Identification of Amino 
Acids Responsible for Processivity in a Family 1 Carbohydrate-Binding Module from a Fungal 
Cellulase.” (Beckham GT et al. 2010) J Phys Chem B 114: 1447-1453 Copyright (2010) American 
Chemical Society. 
  
The most recognized function of the CBMs is to bind to the substrate and bring the 
biocatalyst in the vicinity of its substrate, thereby effectuating carbohydrate hydrolysis.   CBMs 
are thought to have other functions including increasing enzyme concentration at the surface of 
substrate, the non-hydrolytic disruption of the crystalline substrate, and alignment of the catalytic 
module with the substrate (Lynd L et al. 2002; Boraston A et al. 2004).  CBMs are specific for 
insoluble cellulose and can be classified into type A CBMs, those that interact with crystalline 
cellulose, and type B CBMs, those that interact with non-crystalline cellulose.  These non-
catalytic modules form a complex with the substrate by forming non-covalent 
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thermodynamically favorable bonds. Reflecting the importance of CBMs, removal of the CBM 
from T. reesei Cbh1 reduces the catalytic activity of enzyme on insoluble substrates (Mansfield 
SD et al. 1999).  Interestingly, removal of CBM did not affect the hydrolysis rate on a soluble 
substrate (Raghothama S et al. 2000; Irwin DC et al. 1993).   
 Using infra-red spectroscopy and x-ray diffraction, researchers (Gao PJ et al. 2001; 
Wang et al. 2008) followed the structural and morphological changes observed on cotton fibres 
following treatment with a purified CBM derived from T. reesei Cbh1. These studies found that 
the CBM promoted the non-hydrolytic disruption of crystalline cellulose by disrupting the weak 
interchain bonds in crystalline cellulose.  Lee I et al. 2000 using atomic force microscopy 
showed that elongated holes were formed throughout the surface of cotton fibres following 
treatment with hexachloropalladate-inactivated T. reesei Cbh1.  They suggested that this was due 
to the penetration of the CBM into the cellulose fibres.  In contrast, they found no effect on the 
surface of cotton fibres when they were treated with bacterial cellulase from Thermotoga 
maritima, which lacked a CBM.  These observations highlight the importance of the Cbh1 CBM 
in the non-enzymatic disruption of crystalline cellulose.  
 CBMs are grouped into approximately 68 sequence-based families on the Carbohydrate–
Active Enzyme (CAZY) Web server (http://www.cazy.org/Carbohydrate-Binding-
Modules.html). CBM1 is found almost exclusively in fungi and when fungal cellulases possess a 
CBM it is almost always a family 1 CBM. 
  The peptide linker connecting the CBM and GH catalytic domain plays an important 
role in the synergistic function of these two domains.  Studies have shown that altering the linker 
length, changing the amino acid content or separating the two domains by enzymatic cleavage of 
the linker, reduces the overall rate of hydrolysis (Gilkes NR et al. 1988; Tomme P et al. 1988).  
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This suggests that altering or cleaving the linker may affect enzyme binding to the substrate 
thereby lowering the rate of carbohydrate hydrolysis (Shen H et al. 1991; Srisodsuk M et al. 
1993).   
Sequence comparison between bacterial and eukaryotic linker regions shows that 
bacterial linkers have more than twice the proline content but fewer putative O-glycosylation 
sites than eukaryotic linkers (Sammond DW et al. 2012).  It has been proposed that the uniform 
distribution of O-glycosylations along the linker is required for proteolysis protection and the 
maintenance of an extended structure.  The terminal ends of the linker regions are more glycine 
rich and have fewer potential glycosylation sites suggesting that the linker region terminal 
regions require flexibility to achieve proper orientation between the CBM and CM (Sawmond 
DW et al. 2012).  
 Glycoside Hydrolase families: 
Glycoside hydrolases (Figure 15) are a widespread group of enzymes that catalyse 
glycosidic bond cleavage between two or more carbohydrate moieties or between a carbohydrate 
and non-carbohydrate moiety.  Earlier glycoside hydrolases were classified based on their 
substrate specificities or the catalytic mechanism employed; however, this failed to reflect the 
structural features of these enzymes.  Classification based on sequence similarity has allowed the 
glycoside hydrolases to be classified into 131 families, which in turn are grouped into 14 ‘clans’ 
based on the respective protein folds of their catalytic cores (Figure 16).  The number of clans is 
much smaller than the number of GH families because the catalytic core folds are much more 
conserved than are the primary structures (www.cazy.org/Glycoside-Hydrolases.html).   
 25 
 
Figure 15: Ribbon representation of the main fold of the catalytic domain in various GH families. 
Beta strands are shown in cyan and, α helices are in red. Reprinted from “Structure and mechanism of 
glycosyl hydrolases” (Davies G et al.1995) Structure 3: 853-859 Copyright (1995), with permission from 
Elsevier.  




Figure 16. Glycosidase folds for 10 ‘Clans’: (a) (β/α)8 barrel; (b) jelly roll; (c) 5-fold propeller; (d) 
6-fold propeller; (e) 7-fold propeller; (f) (α/α)6 barrel; (g) (α/α)7 barrel; (h) right-handed β-helix; (i) 
dehydrogenase-like fold; and (j) lysozyme-like fold. Reprinted from “Glycosidases: Functions, 
Families and Folds” Hancock, S. M. and Withers, S. G. (2007). eLS. . 
 
 
          Of the 14 ‘clans,’ four of the clans, K, L, M and N have similar folds to that of clans A, G, 
G and H but differ in the location of their catalytic acid/base or nucleophile or may have 
insertion or deletions in their classic  folds (Hancock SM et al. 2007). An Enzyme classification 
(EC) number has been assigned to most biochemically characterized enzymes according to the 
chemical reaction they catalyse. Each enzyme’s EC classification serves as accession number for 
the enzyme database BRENDA (http://www.brenda-enzymes.info/).  Different enzymes 
catalysing the same reaction receive the same EC number and a single enzyme catalysing two 
different reactions receives two different EC numbers. 
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Information about enzyme substrates, products, inhibitors and other functional data can 
be obtained from the database by using the EC number.  Names of enzymes can reflect the GH 
family to which they belong: for example, the Clostridium thermocellum Egl cellulase has a 
catalytic core that belongs to GH family 44 so it is called Cel44A and T. reesei Cbh1 cellulase 
has a catalytic core that belongs to GH family 7 so it is called Cel7A. The “A” signifies that it is 
the first enzyme belonging to this family to be reported from this organism.  Since the division is 
based on the amino acid sequence of the catalytic core of the enzyme it is possible that enzymes 
with different catalytic mechanisms are grouped in one family, for example, GH families 6 and 
7, both contain cellobiohydrolases and endoglucanases, or that enzymes with similar catalytic 
mechanisms are grouped in two families, for example GH family 1 and 3, both contain ß-
glucosidases.  
Regardless of their mechanism three active site topologies have been proposed for 
different glycoside hydrolases, namely, pocket or crater, cleft or groove, and tunnel (Figure 17) 
(Davies G. 1995). The pocket or crater active site topology usually identifies enzymes that act on 
the non-reducing end of a polysaccharide chains. Pocket or crater class active sites are found in 
enzymes like ß-galactosidases, ß-glucosidases and neuraminidases. They are also found in 
exopolysaccharidases such as glucoamylase and ß-amylase, which are not very efficient on 
fibrous substrates but work well on substrates such as starch grains that have large number of 
free chain ends available at the surface (Davies G 1995). The cleft or groove topology is 
commonly found in endo-acting polysaccharides such as lysozymes, endocellulases, chitinases, 
xylanases, alpha-amylases, endo--1,3-glucanases, endo--1,3-1,4-glucanases and endo--1,4-
glucanases (Davies G. 1995).  The tunnel topology is found in cellobiohydrolases and has 
apparently evolved from the cleft or groove topology by acquiring a long surface loop that 
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covers the cleft to form tunnel. The catalytic centres lie enclosed in the tunnel. The tunnel 
enables the polysaccharide chain to both remain bound to the enzyme and release the hydrolysis 
product (Davies G 1995) 
                       
Figure 17. The three types of active sites found in glycosyl hydrolases. (a) The pocket (e.g. ß-
glucosidases & glucoamylase). (b) The cleft (e.g. endoglucanases and xylanases). (c) The tunnel 
(cellobiohydrolase). The proposed catalytic residues are shaded in red. Reprinted from “Structure and 
mechanism of glycosyl hydrolases” (Davies G et al.1995) Structure 3: 853-859 Copyright (1995), with 
permission from Elsevier.  
Hydrolytic mechanisms of cellulases: 
 Acid-base catalysis is used by cellulases for the hydrolysis of glycosidic bonds.  Catalysis 
may be performed by either an inverting or a retaining mechanism.  A proton donor (acid) and a 
nucleophile (base) are two essential residues required for the inverting and retaining 
mechanisms.  Aspartate and glutamate amino acid residues act as acid/base donors in most 
glycosyl hydrolyse families but are not a conserved feature.  GH families 18, 20, 25, 56, 84 and 
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85 use acetamido or N-glycol group at C-2 of the substrate instead of catalytic nucleophile 
(Scheltinga A 1995). An activated tyrosine as a catalytic nucleophile is used by the GH 33 and 
34 families (sialidases and trans-sialidases) (Watts A et al. 2003 and Amaya M et al. 2004).  
The inverting mechanism is a single step displacement mechanism with oxocarbenium-
ion like transition state that leads to a change in configuration at the anomeric carbon, C1, from ß 
to α after hydrolysis.  The nucleophile/base deprotonates a water molecule, which in turn attacks 
the C1 on the glucose ring inverting its configuration from ß to α (Koshland 1953) (Figure 18).  
 The retaining mechanism is a two-step displacement mechanism with covalent glucosyl-
enzyme intermediate and oxocarbenium-ion like transition state which leads to retaining the 
configuration at anomeric carbon C1 of the substrate after hydrolysis (Koshland 1953; Schulein 
M 2000) (Figure 18).  In the first step of the reaction, the nucleophile/base attacks C1 directly 
forming a covalent intermediate and releasing glycosyl-enzyme product.   In the second step, the 
catalytic base deprotonates a water molecule as second nucleophile, which in turn attacks the C1 
anomeric carbon generating a product having the same stereochemistry as the substrate 
(Koshland 1953) (Figure 18).   
GHs of family 4 and 109 exhibit NAD+ dependent hydrolysis.  NAD is required as a co-
factor and remains bound to the enzyme throughout catalysis.  The mechanism involves initial 
oxidation of substrate followed by E1cb elimination with help of enzymatic base.  An α, ß–
unsaturated intermediate is formed as a result of elimination reaction, which then undergoes 
addition of water at the anomeric centre.  Finally the ketone at C3 is reduced to generate sugar 




Figure 18. The two major mechanisms used for the enzymatic hydrolysis of glycosidic bonds. (a) 
Inverting mechanism. (b) Retaining mechanism.  Reprinted with permission from “Protein engineering of 
cellulases” Schulein M (2000). Biochimica Et Biophysica Acta-Protein Structure and Molecular 





Cellobiohydrolases have been classified as Cbh1 and Cbh2 enzymes based on their 
preference for hydrolysis at the reducing or non-reducing ends of cellulose chains.  In the T. 
reesei cellulase system, Cbh1 represents about 60% of the total mass of cellulase protein whereas 
Cbh2 accounts for about 20%.  Together these two cellulases show exo-exo synergy.  It has been 
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shown that a least some cellobiohydrolases possess endoglucanase activity and may create new 
cellulose chain ends by cutting the chains in the middle (Bioset C et al. 2000). 
Cbh1 enzymes belong to family GH7.  This family includes both exoglucanases and 
endoglucanases that cleave ß-1-4 glycosidic bonds.  GH7 exoglucanases use a double 
displacement or retention mechanism and release mainly cellobiose units from the reducing end 
of cellulose polymers.  Cbh1 enzymes consist of a large catalytic core connected to a small CBM 
via a 6 to 109 residue glycosylated polypeptide linker.  The crystal structure of the Cbh1 
catalytic domain reveals a β-jellyroll folded framework in which a highly curved β-sandwich is 
formed by two ß-sheets, each with seven and eight antiparallel ß- strands, placed face to face 
(concave and convex faces) (Figure 19).  Some loops from the inner β-sandwich extend further 
and bend to form part of the tunnel (~50 Å) around the active site (Divne C et al. 1998, 1994) 
and (Figure 15 and 19).  
The substrate binding site located within the tunnel can accommodate 6 to 10 glucosyl 
units.  The length of the tunnel and location of active site at its far end makes it possible for the 
enzyme to proccessively split off and release cellobiose units from the reducing end of the chain 









Cbh1 structure:        
 
 
Figure 19. Schematic representation of Cbh1 catalytic domain with a bound cellooligomer. 
Secondary structure elements are coloured as follows: β-strands are in blue arrows, α-helices are in red 
spirals, and loop regions are in yellow coils. The cellooligomer is shown in pink as a ball and stick object. 
“High-resolution crystal structures reveal how a cellulose chain is bound in the 50 Å long tunnel of 
cellobiohydrolase I from T. reesei” Divne C, Stahlberg J, Teeri TT, Jones TA (1998) J Mol Biol 275: 
309-325, copyright 1998, Elsevier.  
The T. reesei Cbh1 has 11 glucosyl binding sites. Ten sites (i.e. -7 through +3) are 
located within the tunnel and one site (+4) is outside the tunnel.  The sides of the tunnel are made 
of a complex network formed of hydrogen bonds and salt links and are rich in amino acids 
especially tryptophan (4 residues) that can interact with sugars.  These tryptophan residues are 
evenly spread throughout the tunnel and are major players for formation of glucosyl binding sites 
at -7, -4, -2 and +1 (Figure 20). 
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Figure 20.  Summary of a crystallographic study showing binding of a cellulose chain in the 
cellulose-binding tunnel of cellobiohydrolase I (Cbh1).  X-ray crystallographic study of long natural 
oligosaccharides complexed with three mutated enzymes each lacking an essential amino acid, (Glu212, 
Asp214 and Glu217). The blue, yellow and pink colours show superposition of the cellooligomers 
obtained in each experimental study.   Oligosaccharide binding sites in the Cbh1 tunnel (-7 to +3) where 
+1,-7,-4 and -2 represent major binding sites for the enzyme to the substrate and the reducing end of the 
substrate is to the right of the figure. Reprinted with permission from “High-resolution crystal structures 
reveal how a cellulose chain is bound in the 50 Å long tunnel of cellobiohydrolase I from Trichoderma 
reesei” Divne C, Stahlberg J, Teeri TT, Jones TA (1998) J Mol Biol 275: 309-325, copyright 1998, 
Elsevier.  
The catalytic residues in the tunnel are placed close to each other in a consensus motif 
Glu-X-Asp-X-X-Glu-, where the first glutamic acid (Glu212) acts as the catalytic nucleophile 
and Glu217 acts as the general acid/base.  Hydrolysis results in inversion or retention of the 
anomeric carbon atom configuration depending on whether the distance between these catalytic 
units is about 5 Å or about 10 Å (Divne C et al. 1994; Rouvinen J et al. 1990).    
The arrangement of catalytic residues Glu212 and Glu217, in the Cbh1 catalytic site is 
such that the two residues are place perpendicularly i.e. above and below the glycosidic linkage 
to be cleaved.  For the glycosidic bond cleavage to occur the cellulose chain has to be positioned 
in such a way that the glycosidic bond at +1/-1 is pointing upward (productive binding mode 
(Figure 21).  The cellulose chain undergoes a right handed twist from entry into the tunnel (-7) 
towards the exit, by 140°, flipping it upside down. Cel7A enzyme studies have shown that 
Asp214 is important for catalysis because it maintains the correct positioning and protonation 
state of the catalytic nucleophile, Glu212 (Divne C et al. 1998; Stahlberg J 1996).  
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Figure 21.   The difference between productive binding (upper panel) and non-productive binding 
(lower panel) of a cellulose chain. The position of the proton donor Glu217 in respect to the glycosidic 
linkage at -1/ + 1 is indicated. For clarity, only the glucosyl residues in sites -2 to +2 are shown. P denotes 
the continuation of the non-reducing end of the cellulose chain beyond site -2. The two saccharide chains 
have the same directionality with their reducing ends to the right, and the non-reducing ends to the left. 
The two orientations are related by a 180º rotation. “High-resolution crystal structures reveal how a 
cellulose chain is bound in the 50 Å long tunnel of cellobiohydrolase I from Trichoderma reesei” Divne 
C, Stahlberg J, Teeri TT, Jones TA (1998) J Mol Biol 275: 309-325, copyright 1998, Elsevier.  
 
 The substrate binding sites at the entrance of the tunnel are optimised to permit sliding of 
cellulose chains through the tunnel. Substrate sliding is aided because the tunnel surface is lined 
with water molecules.  For the cellulose chain to be threaded through the tunnel it has to be lifted 
from the surface of the crystalline cellulose.  The tryptophan residue at position -7 of the 
substrate binding site forms an overhang outside the tunnel and plays an important role in lifting 
the chain from the surface of the crystalline cellulose and preventing it from reattaching to the 
cellulose surface. Passage of the chain through the tunnel is further assisted by the enzyme 
undergoing a series of conformational changes (Divne C et al. 1998).   
The main product formed during Cbh1 hydrolysis, due to the structure of the enzyme and 
the substrate, is cellobiose.  The glycosidic bonds in the cellulose chain have an alternating 
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orientation and two glucosyl units are required to reach the product site at +1 and +2 in the 
tunnel where the glycosidic bond linking the glucosyl residues in sites -1 and +1 are presented in 
suitable orientation for cleavage before the next catalytic event.   In the +2 site the guanido group 
of Arg394 recognises the incoming free reducing end of the substrate group, and forms bidentate 
(when two ligands are attached on to the central atom) hydrogen bonding with the O6 and O1 
hydroxyl groups. Productive binding mode (Figure 21) is a prerequisite state for the incoming 
group to be recognized at the +2 site (Divne et al., 1994). The cleavage produces cellobiose as a 
product.  Binding in the non-productive mode can result in production of cellotriose, although 












  Cbh2 structure:       
 
Figure 22: Schematic representation of Cbh2 from Humicola insolens. H. insolens family 6 
endoglucanase Cel6B (PDB id 1DYS). The catalytic residues, Asp A316 (acid) and Asp A139 (potential 
base), are shown in ball-and-stick representation. Reprinted with permission from “Cellulases from 
Thermophilic Fungi: Recent Insights and Biotechnological Potential,” Duo-Chuan Li, An-Na Li, and 
Anastassios C. Papageorgiou, Enzyme Research, vol. 2011, Article ID 308730, 9 pages, 2011. 
doi:10.4061/2011/308730e  
 
Cbh2 enzymes belong to family GH6.  The catalytic module of H. jecorina Cbh2 
(CEL6A) was the first cellobiohydrolase structure to be solved (Rouvinen et al. 1990).  This 
family includes both exoglucanases and endoglucanases and the catalytic mechanism used is net 
inversion of the anomeric configuration, which results in production of cellobiose.  There is no 
overall sequence homology between the catalytic domains of H. jecorina cellobiohydrolases 
CEL6A and CEL7A. 
  The crystal structure of the CEL6A catalytic domain shows modified α/β barrel folds 
with seven β-strands forming the central β-barrel as opposed to the classical (β/α)8 "TIM" 
barrel structure.  A 20 Å long tunnel is formed by two extensive loops at the carboxyl terminal 
end of the β-barrel.   The sides of the tunnel are formed by complex hydrogen bonds, salt links 
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and are lined by water molecules.  The tunnel is also rich in amino acids that interact with sugars.  
There are three tryptophan residues in the tunnel and four substrate binding sites (A, B, C, D) 
that are positioned inside the tunnel.  The tunnel is flattened and the final product cellobiose 
produced remains enclosed in the tunnel (Divne C et al. 1994).  There are six cysteine residues 
that form two disulphide bridges that stabilize the loops forming the tunnel.   The site of glycosyl 
bond cleavage is between subsites B and C and involves residues Asp175 (Asp139 in Figure 22) 
and Asp221 (Asp316 in Figure 22) (Rouvinen J et al. 1990).  Asp221 can act as proton donor for 
the catalytic cleavage, although Asp 401 may also act as a general base.   
Restricted space in the tunnel and alternate arrangement of glycosidic bonds on the 
cellulose chains permits formation of correct conformation for hydrolysis at every second 
glycosyl bond as the cellulose polymer moves proccessively through the tunnel.  This results in 
cellobiose as the principal product released by successive cleavages near the nonreducing end of 
the substrate.  
 Cbh2 is less processive than Cbh1 and exhibits endoglucanase activity (Boisset C et al. 
2000).  This could be attributed to the movement of the loops that result in opening and closing 
of the tunnel roof.  Opening of the tunnel roof has been shown to increase endoglucanase activity 
(Zou J et al. 1999; Varrot A et al. 1999).  There are significant sequence homologies between the 
catalytic domains of Cbh2/Cel6A cellobiohydrolases and GH6 endoglucanases, and between 
Cbh1/Cel7A cellobiohydrolases and Eg1/GH7 endoglucanases.  The loops forming the active 
site tunnels in Cel6A and Cel7A are absent in GH6 and GH7 endoglucanases which makes their 
active site more open and is believed responsible for their increased endoglucanase activity 





Cellulase synergism occurs when two or more cellulases working together show higher 
activity levels than the sum of the activities of the individual cellulases working under the same 
conditions (Zhang YHP et al. 2007). Synergism can be binary for example, synergy between 
endoglucanases and exoglucanases (Nidetzky B et al. 1993; Kim Y et al. 2009). Synergism can 
also be ternary for example, synergy between exoglucanases, endoglucanases and β-glucosidases 
( Zhang YHP et al. 2007).  The degree of synergism by a cellulase mixture is the ratio between 
the measured activity of the cellulase mixture and the sum of the activity exhibited by each of the 
cellulases present in the mixture (Banerjee G et al. 2010).  The degree of synergism has been 
shown to be affected by type of substrate and the type of cellulase (source from which it is 
obtained).   
 Synergism between the endo-and exo-glucanases is brought about by co-operative activity, 
where endoglucanases work on random internal sites creating more reducing and non-reducing 
ends, which are then hydrolysed by exoglucanases to produce cellobiose and glucose (Zhang 
YHP et al. 2006).  Recent studies on endo-exo synergism using radio labelled bacterial cellulose 
to measure synergy (Jalak J et al. 2012), showed that T. reesei Cbh1 (Cel7A) gets stalled in the 
amorphous regions of the bacterial cellulose.  However, degradation of amorphous cellulose by 
adding endoglucanases prevents Cbh1 stalling. Valjamae P et al. 1999, showed that a short 
hydrochloric acid (HCl) treatment of crystalline cellulose increases Cbh1 activity but reduces 
that of Eg1 (Cel7B). However, a longer HCl treatment gave the opposite effect. Furthermore, 
increasing the length of the crystalline cellulose pretreatment with HCl reduced the amount of 
hydrolysis obtained using a combination of Cbh1 and Eg1 (Valjamae P et. al. 1999).   
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These results suggest that, although CBHs can hydrolyse cellulose chains on the crystalline 
cellulose surface, their processivity gets obstructed with erosion of the crystalline surface and 
that endoglucanases can remove this obstacle by degrading the amorphous regions. Additionally, 
several studies have shown that endocellulases are able to initiate hydrolysis at internal sites 
thereby increasing access sites for exocellulases (Parsiegla G et al. 1998; Boisset C et al. 2000).   
  It has been shown that T. reesei Cbh1 is able to completely digest some forms of cellulose 
but Termobifida fusca exocellulase (Cel48A) is unable to do so.  Both these enzymes hydrolyse 
from the reducing ends and act synergistically with both Cbh2 and Egl type enzymes (Barr BK et 
al. 1996). Unlike Cel48A, the T. fusca (Cel9A), a processive endoglucanase, was able to 
synergize with both types of exocellulase and endocellulases (Irwin et al. 1993).  Apparently T. 
fusca Cel9A exhibits properties intermediate between endo and exo cellulases (Sakon J et al. 
1997). This suggested that the Cel9A could bind anywhere along the cellulose chain and perform 
cleavage.  Following cleavage, the non-reducing end fragment bound to the CBM moves into the 
active site cleft -1 to -4 thereby allowing processive cleavage of cellotetrose from the non-
reducing end (Sakon J et al. 1997). The weak binding between the CBM and the crystalline 
cellulose substrate may enable the catalytic domain of the enzyme to interact with several 
substrate molecules near the active site and thereby perform multiple cycles of endo and exo 
hydrolysis. 
  In compact crystalline structure, the available surface area for enzyme interaction is limited.  
Various substrates like PASC, cotton, filter paper, Avicel and bacterial microcrystalline cellulose 
(BMCC) are heterogeneous and have variable crystallinity. The crystallinity index (CI) is a 
measure that reflects average crystalline value of the substrate and can be used to compare data 
obtained by using different substrates.  Other than crystalline and amorphous cellulose there is 
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also intermediate paracrystalline cellulose, which accounts for over 30% of the cellulose in 
cotton and wood (Larsson P et al. 1997). The presence of paracrystalline cellulose results in 
failure to obtain the expected changes in the CI of cellulose substrates after enzyme digestion 
(Park S et al. 2010). Parameters like particle size and surface to volume ratio may influence the 
CI. Furthermore, CI value determinations can show variations of over 30% between samples of 
the same substrate. Valjamme P et al. 1999, observed that there is lower synergism on highly 
ordered cellulose (e.g. Valonia cellulose). According to the recent mechanistic models, the rate 
limiting step for hydrolysis is the placement of individual chains in active sites (Levine SE et al. 
2010).   
Cbh1 exocellulases, expansins and swollenins contain polysaccharide binding surfaces 
that help in non-hydrolytic disruption of the cellulose fibril network (Arantes V and Saddler JN 
2010) thereby providing access to the unexposed polymeric chains.  It is believed that synergism 
can only occur when two cellulases attack different regions of the cellulose fibrils.   
The degree of synergism is affected by factors such as crystallinity, degree of polymerization 
of the substrate, the amount of enzyme loading, and the reaction time (Hall M et al. 2010).  
Lower available surface area for enzyme activity can cause crowding and obstruct enzyme 
motion.  Each cellulase enzyme that gets adsorbed on the cellulose surface will obscure a number 
of binding sites.  Footprints created by T. reesei Cbh1 have been measured using small angle X 
ray scattering (Abuja P et al. 1988 a, b). It is assumed that each glucose unit occupies about 0.25 
nm2 and that the catalytic domain and CBM of Cbh1 occupy the equivalent of 156 glucose units.  
Enzyme crowding effect studies with T. reesei Cbh1 and Eg2 shows that when the cellulose 
surface area available for binding is low relative to the binding area potential of the cellulases, 
the binding sites for Eg2 tend to become obscured.  As a result, Eg2 cleavage of cellulose chains 
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is inhibited, which prevents the creation of new chain ends for Cbh1 action, ultimately breaking 
the synergistic relationship between these two enzymes (Levine SE et al. 2010).  
 In contrast, when the surface area available for binding is high relative to the binding 
area potential of the cellulases, synergy between enzymes is maintained. The rate of hydrolysis 
and degree of synergism are both dependent on the component cellulases present in the multi-
enzyme mixture (Bayer E et al. 2004, Detroy RW et al. 1982, and Henrissat B et al. 1985).  This 
makes the optimization of enzyme mixtures an important step in achieving increased hydrolysis 
rates and glucose production (Din N et al. 1994).  
Synergism also occurs between β-glucosidases and endoglucanases and between β-
glucosidases and exoglucanases. Addition of Bgl from Taiwanese fungus Chaetomella raphigera 
to T. reesei cellulases (endo and exo) showed a high level (8.9 fold) of synergy (Ng I et al 2010). 
Addition of a C. raphigera Bgl to a reaction mixture containing T. reesei cellulases (endo and 
exo) also synergistically enhanced cellulose hydrolysis. Similarly, Chir JL et al. 2011 showed 
that a 50-100% increased CMC and filter paper hydrolysis was obtained as a result of synergism 
between both, a wild type or mutant T. fusca Bgl (S319C) with Cel9A from the same organism. 
Cellulase Cel9A of T. fusca exhibits dual properties of endo and exo cellulases (Wilson DB 
2004). It is believed that synergism observed between Bgls and endo- and exo-cellulases occurs 
because the Bgls prevent product inhibition by converting the cello-oligomers to glucose.  
In recent years, a number of disruptive proteins that belong to families GH61 and CBM33 
(discussed earlier) have been discovered.  They show potential of working synergistically with 
other cellulases and degrading recalcitrant biomass.  Determining the molecular mechanisms 
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underlying the synergistic function of these proteins may help us further unravel the yet 
unknown aspects of synergistic biomass hydrolysis. 
 
 
Figure 23. Current view on fungal enzymatic degradation of cellulose. Abbreviations: Eg, 
endoglucanase; CBH, cellobiohydrolase; CDH, cellobiose-dehydrogenase; CBM, carbohydrate-binding 
module. The C1-C4 oxidizing action of GH61 (red and purple) is shown which results in producing non-
oxidized ends for the Cbh1 (blue) and Cbh2 (green) action producing cellobiose which is acted upon by 
-glucosidase to produce glucose (oxidized sugars are colored red).  Arrows indicate new attacking points 
for CBHs. Reprinted with permission from “Novel enzymes for the degradation of cellulose.” Horn SJ, 

















PASC (Phosphoric Acid Swollen Cellulose) as a model substrate: 
 
PASC is prepared by treating crystalline cellulose with 85% phosphoric acid.  This 
results in swelling of the crystalline cellulose without impacting the degree of polymerization 
(Hall M et al. 2012). Swelling does not drastically alter the overall structure of the cellulose 
polymers but it does significantly change physical properties of the crystalline cellulose.  There 
is a significant increase in the volume of cellulose sample due to uptake of swelling agent (Zhang 
YHP et al. 2006).   Phosphoric acid treatment turns crystalline cellulose amorphous.  Amorphous 
cellulose has a greater capacity of retaining water as compared to crystalline cellulose (Hall M et 
al. 2012) and water molecules within the cellulose matrix greatly enhances enzymatic hydrolysis 
(Hall M et al. 2012). PASC is widely used as an amorphous substrate to check the ability of an 
enzyme or enzyme system to hydrolyze a cellulosic substrate (Andersen N et al. 2008; Arantes V 
and Saddler JN 2010).   Interpreting the results obtained when comparing the efficiency of 
cellulose hydrolysis by defined combinations of cellulases is easier if a well-defined substrate 










                                                    Thesis objective 
 
    The objectives of this work were: I and ii) clone and screen a library of novel heterologous 
Cbh genes that could be functionally expressed by A. niger; iii) establish benchmark cellulase 
hydrolysis assays using the model substrate PASC that could be used to screen the library of 
novel cellulases for enzymes that enhanced cellulose hydrolysis by a commercial cellulase 
system; iv) assess the ability of the functionally expressed novel heterologous Cbh enzymes to 
synergistically enhance cellulose hydrolysis rates and/or the efficiency of cellulose hydrolysis by 


























                                      Materials and Methods 
Materials and Methods 
Materials: 
Chemicals and other reagents: 
  Protein quantitation 2-D Quant Kit (80-6483-56) was purchased from GE Life Sciences 
(the kit includes Bovine Serum Albumin (BSA) protein standard, Precipitant, Co-precipitant, 
Copper solution and Colour reagents A and B).  4-Nitrophenyl β-D-cellobioside (pNPC) was 
obtained from Sigma-Aldrich. Phosphoric acid swollen cellulose (PASC) was prepared from 
Avicel (Sigma) as described previously (Wood 1988) with the following modifications. The 600 
mL suspension of 20 grams of Avicel in phosphoric acid was kept on ice for 3 hours with 
occasional grinding with a pestle and mortar. After centrifugation for 10 minutes at 14,000 g, the 
Avicel pellet was suspended in two litres of iced cold water and rinsed at 4°C for 15 minutes. 
The washes were repeated until the pH was between 5 and 7. Finally, the washed PASC was 
suspended in 10 mM citrate buffer pH 5.0. All the other reagents used were of analytical grade 
and from commercial sources. 
Enzymes: 
 Purified commercial enzymes, Cbh1, Cbh2, Eg1 and Eg2 from T. reesei were provided 
by Iogen Inc. along with other T. reesei cocktails.  The cocktails included; the complete T. reesei 
cellulase system, where the major cellulase system enzymes Cbh1, Cbh2, EgI, EgII, EgIII, EgIV, 
EgV, BglI and BglII represent greater than 97% of the total protein; the cellulase system 
produced by a T. reesei strain with the gene encoding Cbh1 deleted, where the major cellulase 
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system enzymes Cbh2, EgI, EgII, EgIII, EgIV, EgV, BglI and BglII represent about 92% of the 
total protein; the cellulase system produced by a T. reesei strain with the gene encoding Cbh2 
deleted, where the major cellulase system enzymes Cbh1, EgI, EgII, EgIII, EgIV, EgV, BglI and 
BglII represent about 95% of the total protein; the cellulase system produced by a T. reesei strain 
with the gene encoding Egl deleted, where the major cellulase system enzymes Cbh1, Cbh2, 
EgII, EgIII, EgIV, EgV, BglI and BglII represent about 95% of the total protein;  the cellulase 
system produced by a T. reesei strain with its Eg2 gene deleted, where the major cellulase system 
enzymes Cbh1, Cbh2, EgI, EgIII, EgIV, EgV, BglI and BglII represent about 96% of the total 
protein. In addition, cellobiohydrolase I (Cbh1) Lot: 40201 and cellobiohydrolase 2 (Cbh2) Lot: 
20201 were purchased from Megazyme (UK) and -glucosidase (NOVOZYME 188 C-2605) 
was purchased from Sigma-Aldrich (USA). Accellerase 1500 was obtained as a complimentary 
sample from Genencor (DuPont). -glucosidase from Aspergillus niger, was also provided by 
Genencor (now DuPont).  
Genetically engineered A. niger strains were used to produce the second group of 
enzymes. These engineered strains harboured genes amplified by PCR from fungal genomic 
DNA or cDNA cloned into expression vectors ANIp5 or ANIp7G . Genes potentially encoding 
cellobiohydrolases were identified by searching publicly-available fungal genome sequences 
using the T. reesei CbhI and Cbh2 sequences as queries (. Sydenham R and. Tambor H 2012 
personal communication).  In addition, some of the genes were cloned using cDNA libraries of 
two different species of fungi (https://fungalgenomics.concordia.ca).  
  Recombinant ANIp5 and ANIp7G plasmids (Figure 24) harbouring exoglucanases were 
transformed into A. niger strain N593 glaA::hisG (Storms R et al. 2005). Recombinant pGBFIN-
GTW plasmids harbouring exoglucanases were transformed into A. niger strain CBS 513.88 
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(FGSC A1513) (Tambor JH et al. 2012).  Individual transformants harbouring recombinant 
ANIp5 and ANIp7G plasmids were grown in Erlenmeyer flasks (500 ml) with 100 ml of MMJ 
medium (Master ER et al. 2008) with 15% glucose at 30 ºC and shaking (200 rpm) for 7 days. 
Individual transformants of CBS 513.88 transformed with pGBFIN- GTW harbouring fungal 
Cbhs were grown in 100 ml of STIPT liquid medium as described previously (Tambor JH et al. 
2012). Recombinant Cbhs (Sthe437, TreeCbh1; TreeCbh2; Ledo11599; Asn3751; Ccin11396; 
and Afu6g11610) were kindly provided by Racha Cheikh-Ibrahim). The other recombinant Cbhs 
were expressed in strain A2P5 as described in (Sydenham R et al. 2014). 
Culture medium, separated from cell biomass by centrifugation at 10,000 X g for 10 min, 
was used to screen for expression and for enzyme assays.  The gene and protein sequences of the 
recombinant cellobiohydrolases can be found in (Appendix 1A). The primer sequences used to 

















Figure 24. Expression vectors ANIp5 (Storms R et al. 2005) and ANIp7G (Tambor JH et al. 2012) 




SDS-PAGE Gel Electrophoresis: 
 Denaturing SDS-PAGE analysis was performed using 12% polyacrylamide gels as 
described elsewhere (Laemmli UK 1970) .Protein samples were diluted 4:1 (v/v) into SDS 
loading dye buffer, incubated for 5 min in a boiling water bath at 95ºC and then kept on ice. Prior 
to loading onto the SDS-PAGE gels the protein samples were centrifuged at 10,000 X g for 1 
min. Gels were run at 80 V in 1x Tris-Glycine buffer until the samples migrated through the 
stacking gel, then the voltage was maintained 130 V as the samples migrated through the 
resolving gel. Molecular weight protein standards (Amersham Low Molecular Weight 
Calibration Kit for SDS Electrophoresis) obtained from GE Healthcare were used to estimate the 
molecular weights of the expressed proteins. Proteins were visualized by staining gels with 
Coomassie Brilliant Blue R-250. 
Sugar removal from culture filtrates: 
 Sugars present in the growth medium were removed prior to some activity assays.  
Sugars in culture filtrates were removed using ULTRAFREE-0.5 Centrifugal Filter Devices (10 
K cut-off) from Millipore. This device has two parts, a concentrator tube which has a membrane 
and a receiving tube below it. Citrate buffer (10 mM pH 5.0) was used as the exchange buffer. 
Sample solutions of 250-500 µl were added to the concentrator, which was then centrifuged at 
10,000 rpm for 30 min at 4 ºC.   The contents of the receiving tube were discarded, 250-500 µl of 
exchange buffer were added, and the device was again centrifuged at 10,000 rpm for 30 min. The 
contents of the receiving tube were again discarded and buffer exchange was repeated 4 times.   
The volume of filtrate remaining in the concentrator was diluted with the exchange buffer to 
make the final volume equal to the original volume of the sample.  
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Estimation of protein concentration: 
   Protein concentrations were estimated using the 2-D Quant Kit (GE Healthcare life 
sciences) and the method provided by the supplier.   
Chromogenic enzyme activity assays: 
       Chromogenic enzyme assays were used to screen culture filtrates for enzyme activity. 
Enzyme activities toward chromogenic substrates were generally assayed at 50 ºC , pH 5.0 for 60 
min. Assays were performed with p-nitrophenol-cellobioside (pNPC) (0.17 mM) (SIGMA-N-
5759 with the Bgl inhibitor D-L gluconolactone 33 µg/ml), sodium citrate (10 mM pH 5.0) and 
an appropriately diluted enzyme sample. Typically, reaction mixtures were performed in a final 
volume of 300 µl prepared by combining pNPC substrate (10 µl of 5 mM pNPC), sodium citrate 
buffer (15 µl of 0.2 M pH 5.0), H20 (250 µl) and enzyme (25 µl).  A standard curve was prepared 
using the same reaction conditions except that the substrate and enzyme samples were replaced 
with appropriately diluted pNP-only (35 µl in citrate buffer 10 mM pH 5.0). Reactions were 
carried out in 96-well microplates with sealing films to prevent evaporation. Reactions were 
stopped by transferring to ice and the addition of 50 µl of Na2CO3 (1 M) to ensure enough 
alkalinity to ionize p-nitrophenol (PNP) to fully develop the yellow color. Each reaction mixture 
(80 µl) was then transferred to a clean microtitre plate and the absorbance was measured at 410 
nm using a BIO-TEC Power Wave HT microplate reader. Each enzyme activity measurement 
was carried out in triplicate. One unit of enzyme activity is defined as the amount of enzyme that 
liberated 1 µmol of p-nitrophenol in 1 min. Enzymes samples showing at least three times more 
activity than the negative control, a culture filtrate prepared from an A. niger transformant 
harbouring the expression vector without an insert, were selected for further characterization.  
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Experimental designs used to characterize enzymes:  
  There were two experimental designs employed to characterise enzymes based on their 
ability to hydrolyse cellulosic substrate PASC. All experiments were done in duplicate and 
triplicate assays were performed for each time point.  
Design # 1:  Enzyme supplementation at 24 hours. 
The aim of experimental design #1 was to test whether the various recombinant enzymes could 
enhance PASC hydrolysis by Accellerase 1500. Accellerase 1500 (80 mg/ml) equals 9.7E-05 IU, 
where units of activity were measured using Accellerase 1500 (0.08 mg/ml), PASC (0.1%) and a 
1 h hydrolysis at 37ºC. 
Design 1 enzyme assays were carried out using citrate buffer (67 mM), PASC (0.25%, 
1.5% or 2%) and various amounts of cellulase enzyme.  Every 1,000 µl of reaction mixture 
consisted of 200 µl of appropriately diluted cellulases in 10 mM citrate buffer, 300 µl of citrate 
buffer (200 mM pH 5) and 500 µl of PASC (0.5%, 3% or 4% in 10 mM citrate buffer). For the 
enzyme background control, the reaction solution was prepared in the same manner substituting 
citrate buffer (200 mM pH 5.0) for the substrate. For the substrate background control substrate 
was prepared in the same manner but substituting an equal volume of buffer for enzyme. The 
control absorbances were subsequently subtracted from the absorbance reading of each reaction 
mixture. 
The enzymes and Accellerase 1500 used were diluted using citrate buffer (10 mM pH 5). 
Enzyme assays were performed in round bottom tubes (10 ml) that could be closed using caps.  
Enzyme assays were incubated on a rotator at 80 rpm in a 37ºC incubator.  The rotator was tilted 
at an angle but keeping the reaction mixture from entering the cap. After 24 hours aliquots (500 
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µl) were transferred to new reactions tubes that had been supplemented with 100 µl of test 
enzyme or Accellerase 1500 in citrate buffer (10 mM) and the reaction mixture was continued up 
to 72 hours. One unsupplemented reaction tube was also included.  Aliquots were transferred to 
tubes (1.5 ml)  at 0 h, 24 h, 48 h and 72 h, reactions stopped by placing the tubes on ice for 10 
min, and stored at -20ºC until they were processed further using bicinchoninic acid assay (BCA) 
to measure the amount of reducing sugar ends in the reaction. The amount of PASC hydrolysis 
(reducing sugar ends in the reaction) was expressed as a percentage of the theoretical yield of 
reducing sugar ends expected if 100% of the PASC was converted to glucose monomers. 
Calculations for Design 1 (1.5% PASC): For a 2,000 µl reaction volume using 1.5% PASC as the 
substrate, the amount of PASC added would be 30 mg, and therefore each of the 500 µl reactions 
would have 30 mg/ml x 500 µl /2000 µl or 7.5 mg PASC per reaction.  Since PASC is composed 
of anhydro glucose units 7.5 mg of PASC would contain (7.5 mg anhydro glucose/162.2 grams 
per mole of anhydro glucose units or 4.6 x10-5 moles of anhydroglucose), which if completely 




Figure 25. Experimental design #1. Assessing how enzyme supplementation affects cellulose 
hydrolysis rates and yields by Accellerase 1500. The large green tube represents the initial reaction 
mixture (PASC and Accellerase 1500 in 200 mM citrate buffer pH 5).  The smaller tubes blue and pink 
represent aliquots of the original reaction mixture that have been supplemented with various test enzymes 
or Accelerase1500. Green tube represent unsupplemented sample. Samples were removed for reducing 
sugar assays at 0 h, 24 h, 48 h and 72 h.   
 
 
Design # 2:  Enzyme supplementation at 0 hours. 
The aim of experimental design #2 was to test whether the various recombinant enzymes 
could enhance PASC hydrolysis by Accellerase 1500. Design 2 enzyme assays were carried out 
using citrate buffer (67 mM), PASC (2%) and cellulase enzyme. Every 500 µl of reaction 
mixture consisted of 100 µl of appropriately diluted cellulases in 10 mM citrate buffer, 150 µl of 
citrate buffer (200 mM pH 5) and 250 µl of PASC (4% in 10 mM citrate buffer). The 
unsupplemented reaction consisted of (Accellerase 1500 80 µl + 20 µl 10 mM citrate buffer) 
while the supplemented reactions consisted of Accellerase 1500 (100 µl) or Accellerase 1500 80 
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µl + 20 µl recombinant enzyme.  For the enzyme background control, the reaction solution was 
prepared in the same manner substituting citrate buffer (200 mM pH 5.0) for the substrate. For 
the substrate background control substrate was prepared in the same manner but substituting an 
equal volume of buffer for enzyme. The control absorbances were subsequently subtracted from 
the absorbance reading of each reaction mixture. 
The enzymes and Accellerase 1500 used were diluted using citrate buffer (10 mM pH 5). 
Enzyme assays were performed in round bottom tubes (1 ml) that could be closed using caps. 
These tubes were inserted in larger 10 ml tubes that could fit in the rotator.  Enzyme assays were 
incubated on a rotator at 80 rpm in a 37ºC incubator.  The rotator was tilted at an angle but 
keeping the reaction mixture from entering the cap.  Reaction tubes were removed from the 
rotator after 0 h, 24 h, 48 h and 72 h and the reaction was stopped by placing the tubes on ice for 
10 min followed by freezing -20ºC until they were processed further using bicinchoninic acid 
assay (BCA) to measure the amount of reducing sugar ends in the reaction.  The amount of 
PASC hydrolysis (reducing sugar ends in the reaction) was expressed as a percentage of the 
theoretical yield of reducing sugar ends expected if 100% of the PASC was converted to glucose 
monomers. Calculations for Design 2 (2% PASC): For a 500 µl reaction volume using 2% PASC 
as the substrate, the amount of PASC added would be 10 mg per reaction.  Since PASC is 
composed of anhydro glucose units 10 mg of PASC would contain (10 mg anhydro 
glucose/162.2 grams per mole of anhydro glucose units or 6.17 x10
-5 moles of anhydroglucose), 






Figure 26. Experimental design #2 used to characterise enzymes based on their capacity to 
hydrolyse cellulosic substrate PASC. The large tube represents initial reaction mixture with PASC, 200 
mM Citrate pH 5, Accellerase1500 and enzymes to be screened.  The smaller tubes (blue) represent 
reaction mixture supplemented with Accellerase1500 and enzymes to be tested. Samples were removed 
for reducing sugar assays at 0 h, 24 h, 48 h and 72 h respectively.   
 
Non-chromogenic enzyme activity assays: 
When using PASC as the substrate glycosidic bond cleavage was followed using the 
bicinchoninic acid assay (BCA) adapted for 96-well microplates (Grishutin S G et al. 2004). A 
10 µl sample of a reaction mixture or a glucose standard was transferred into the well of a PCR 
plate kept on ice, containing 100 µl of BCA working solution reagents (A+B) (Doner, L.W et al., 
1992) (Zorov, I.N. et al., 1997) and 90 µl of distilled water. Assay plates were sealed to prevent 
evaporation, incubated at 80ºC for 30 min cooled on ice for 5 min, reaction mixture (80 µl) was 
transferred to a clean microplate plate, and the absorbance measured at 562 nm using a BIO TEK 
Power Wave HT microplate reader (it should be noted that to be in the linear range of the BCA 
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assay the absorbance readings could not be greater than 0.4). A calibration curve was generated 
using glucose as the standard. The amount of reducing sugar ends in the reaction supernatant and 
whole reaction mixture were expressed as a percentage of the theoretical yield of reducing sugar 
ends obtained if 100% of the PASC was converted to glucose monomers. 
 Bioinformatics analysis of cellobiohydrolase sequences: 
 Protein sequences of the six Cbhs and the primers used for PCR amplification are 
presented in Appendix 1A. The sequences were aligned using Clustal W2 and all subsequent test 
were done using “complete deletion” where gaps and missing data is ignored.  Determination of 
conserved protein domains was performed using NCBI (CDART) Conserved Domain 
Architecture Retrieval Tool, 
(http://www.ncbi.nlm.nih.gov/Structure/lexington/lexington.cgi?cmd=rpsand), and the NCBI 
Conserved Domain Database (CDD), (http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). 
The protein sequences were used to construct a Phylogenetic tree using Clustal W2.  
 
End product analysis using ion chromatography: 
End product analysis was performed on 72-hour incubations of reactions containing the 
enzymes listed in Table 2 as well as Afu6g11610 and (3% PASC) as a substrate. Sample and 
standard analyses were carried out using a Dionex ICS-5000 coupled to an AS-AP autosampler. 
All analyses were conducted at 30°C with isocratic elution using a CarboPac PA20 (Dionex) 
guard (3 mm x 30 mm) and analytical (3 mm x 150 mm) columns connected in series. Elution 
conditions were 100 mM NaOH for 10 minutes at a flow rate of 0.5 ml/min. Reaction products 
were appropriately diluted and aliquots (10 µl) were injected into the Dionex system. Glucose 
and cellobiose standards were prepared in a concentrations range of 0.5 mM to 0.00024 mM. The 
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results obtained showed two peaks; the first at 4 minutes corresponded to glucose, and the 
second at 10.8 minutes corresponded to cellobiose.  Peak height and peak area values of the 
standards obtained from the system were plotted and a linear regression was obtained.  
Millimolar concentrations of glucose and cellobiose (y) in the samples were calculated using the 
recorded values (or signal values) of peak height / peak area (x) using equation (y= x2 + x).  






































1. Benchmarking PASC (0.25 %) hydrolysis with Accellerase 1500 
I began my cellulase research by performing three sets of experiments aimed at 
benchmarking the hydrolysis of PASC by Accellerase 1500. The objective of the first set of 
experiments was to determine whether a significant portion of the glycosidic bonds hydrolyzed 
by Accellerase 1500 were associated with insoluble cellulose polymers (i.e. polymers with a DP 
greater than about 8 residues). The objective of the second set of experiments was to identify a 
ratio of Accellerase 1500 to PASC (enzyme loading/substrate concentration) that resulted in 
cellulose hydrolysis plateauing when about 50% of the potential glycosidic bonds had been 
cleaved (i.e. 50% of the potential reducing sugar ends generated). Once a ratio of Accellerase 
1500 to PASC that resulted in about 50% hydrolysis was identified, I would use it to screen for 
enzymes that could enhance the rate and/or yield of reducing sugar equivalents. The objective of 
the third set of experiments was to use the assay conditions identified in the second set of 
experiments to identify the Accellerase 1500 component(s) that limited hydrolysis rates and/or 
sugar yields. 
1.i Total versus soluble reducing sugar equivalents 
The results of the first set of experiments are presented in Figure 27. To follow the 
production of soluble reducing sugar equivalents in the PASC hydrolysis reactions aliquots (100 
l) taken (note: hydrolysis reactions were vigorously vortexed prior to sampling) at various times 
were transferred to a microfuge tube and subjected to centrifugation at 10,000 g for 1 minute. 
Following centrifugation a supernatant sample (10 l) was used to determine the amount of 
soluble reducing sugar equivalents generated using the BCA assay. To determine the total 
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amount of reducing sugar equivalents (soluble and insoluble) present in PASC hydrolysis 
reactions, aliquots (100 l) taken from the reaction mixture immediately after vigorous mixing 




Figure 27: Hydrolysis of PASC (0.25%) using various concentrations of Accellerase 1500 (16, 3.2 or 
1.6 µg/ml). Hydrolysis reactions (2 ml), consisted of 1,000 µl PASC (0.5%), 600 µl of citrate buffer (200 
mM pH 5) and 400 µl Accellerase 1500 (80, 16 or 8 µg/ml). The yield of soluble reducing sugar 
equivalents (top panel) and total reducing sugar equivalents (lower panel) are presented as a percentage of 
the reducing sugar equivalents generated relative to the amount expected if 100% of the PASC (0.25%) 
was converted to glucose monomers. Complete hydrolysis of 2 ml of 0.25% PASC would yield 3.09 x 10-





















































     The results in Figure 27 (summarized in Table 1) show that the amount of reducing sugar 
equivalents present in the supernatant after 2 h of hydrolysis with 80 µg/ml, 16 µg/ml or 8 µg/ml 
of Accellerase 1500, was significantly less than the amount of reducing sugar equivalents present 
in the whole reaction. Furthermore, reducing sugar equivalents present in the supernatant and 
whole reaction were not significantly different after 24 h of hydrolysis with Accellerase 1500 (16 
µg/ml and 3.2 µg/ml) but were significantly different when hydrolysis was done with 
Accellerase at 1.6 µg/ml. Since the amount of reducing sugar ends associated with the insoluble 
fraction was significantly greater after a 2 h hydrolysis and after 24 h when the using the lowest 
concentration of Accellerase 1500. Based on these results, I concluded that the hydrolysis of 
PASC should be assayed by following the production of total (soluble and insoluble) reducing 
sugar equivalents. 
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The amount of reducing sugar equivalents present in the whole mixture (left side) versus the supernatant 
(right side) when PASC (0.25 %) hydrolysis was performed using 16, 3.2 or 1.6 µg/ml of Accellerase 
1500.   
 
I.ii Developing an assay where the amount of Accellerase 1500 limits the rate and amount of 
PASC hydrolysis 
 The second set of experiments (Figure 28 and 29) followed the production of total reducing 
sugar equivalents during 110 h hydrolysis reactions using PASC (0.25%) as the substrate. The 
hydrolysis reactions were initiated using Accellerase 1500 at a concentration of 16 µg/ml and 
some reactions were supplemented with additional Accellerase 1500 at 72 h (Figure 28), 24 
hours (Figure 29) and 24 h and 48 h (Figure 29). About 60% of the potential reducing sugar 
equivalents were released when hydrolysis was performed with 16 µg/ml of Accellerase 1500 for 
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110 h (Figure 28 and 29). Supplementing with additional Accellerase at 24 h or 72 h or 24 h and 
48 hours increased the amount of hydrolysis obtained from about 60% to about 80%, 90% and 
96 %, respectively. These results show that the hydrolysis of 0.25 % PASC using 16 µg/ml 
Accellerase 1500 plateaued at about 60% of the theoretical yield at about 72 h and that 
supplementation with additional enzyme increased both the rate and yield of hydrolysis. 
Furthermore, the results suggest that hydrolysis plateaus at about 60% of the theoretical yield 
when using 16 µg/ml of Accellerase 1500, because one or more than one of the cellulase system 
components have been inactivated. 
 
Figure 28: Hydrolysis of PASC (0.25%) with Accellerase 1500 (16 µg/ml added at t = 0 h) and 
Accellerase 1500 (16 µg/ml added at t = 0 h and the amount of Accellerase 1500 doubled by 
supplementation at t = 72 h). Red curve; a 1 ml hydrolysis reaction consisting of 500 µl of PASC (0.5 
%), 300 µl of citrate buffer (200 mM pH 5) and 200 µl Accellerase 1500 (80 µg/ml) added at 0 h. Blue 
curve; a 1 ml hydrolysis reaction consisting of 500 µl of PASC (0.5 %), 300 µl of citrate buffer (200 mM 
pH 5) and 200 µl Accellerase 1500 (80 µg/ml) added at 0 h and Accellerase 1500 (200 µl of 80 µg/ml 


































Figure 29: The effect of stepwise supplementation at 24 h and 48 h on PASC (0.25%) hydrolysis by 
Accellerase 1500 (16 µg/ml). At t= 0 h a 1.5 ml hydrolysis reaction was prepared, consisting of 750 µl 
PASC (0.5%), 450 µl of citrate buffer (200 mM pH 5) and 300 µl Accellerase 1500 (80 µg/ml)) (light 
blue curve). At 24 h the reaction was split into two reaction tubes, one with 0.5 ml (green curve) and one 
with 1.0 ml (purple curve). The 1.0 ml reaction was spiked with additional Accellerase 1500 (16 µg). At 
48 h two 0.5 ml aliquots were transferred from the 1 ml reaction tube into 2 new tubes, one was spiked 
with Accellerase 1500 (8 µg) (dark blue curve) the other tube was not subjected to further 
supplementation (red curve). Samples were taken at 0, 17, 21, 24, 29, 41, 48, 53, 72 and 110 h. The yield 
of reducing sugar ends present in each sample was determined as described in Figure 27. Vertical arrows 
indicate the time-points at which the reactions were supplemented with Accellerase 1500. 
 
 
I.iii Developing a PASC hydrolysis assay using 1.5% PASC and a rate limiting concentration of 
Accellerase 1500 
The third set of experiments (Figure 30, 31, 32, 33, 34, 35, 36 37 and 38) was performed 
to determine which if any of the major glycosyl hydrolases present in Accellerase 1500 was the 
component(s) whose inactivation caused PASC hydrolysis to plateau when about 60% of the 
glycosidic bonds had been hydrolyzed (Fig. 28 and 29). Using my earlier results that identified 
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substrate to enzyme ratios that resulted in limited hydrolysis yields and the fact that 
lignocellulose saccharification for the production of bioethanol require higher cellulose loading 
(Banerjee G et al. 2011), I wanted to devise a hydrolysis assay that could be used to identify 
cellulases that could enhance the hydrolysis of PASC by Accellerase 1500 using 1.5% PASC 
rather that 0.25 % PASC.  Since 1.5% PASC is 6 times more concentrated than the 0.25% PASC 
I used previously, I followed the hydrolysis of 1.5% PASC using different concentrations of 
Accellerase 1500 with the aim of finding a concentration of Accellerase 1500 that would yield 
about 50 % hydrolysis after 72 hours. The results of this experiment (Figure 30) showed that 
Accellerase 1500 at 26.4 µg/ml was able to hydrolyze about 50% of the glycosyl bonds in a 1.5% 
PASC reaction. 
 
Figure 30: The effect on PASC (1.5%) hydrolysis of varying the concentrations of Accellerase 1500 
(10.6, 26.4, 52.8, 79, and 105.4 µg/ml). Hydrolysis reactions (1 ml) consisted of 500 µl of PASC (3%), 
300 µl of citrate buffer (200 mM pH 5), and 200 µl of Accellerase 1500 (53, 132, 264, 395 and 527 
µg/ml). The percentage yield of reducing sugar ends present in each sample was determined as described 
in Figure 27 using aliquots taken at 0 h, 18 h and 72 h. 
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I.iv Determining whether the cellulose hydrolysis assay developed in I.iii could be used to 
identify the Accellerase 1500 component that was limiting the rate and/or yield of PASC 
hydrolysis.  
To identify the Accellerase 1500 component or components that were limiting hydrolysis 
rates and/or yields when the reactions contained 1.5% PASC and 26.4 µg/ml Accellerase 1500, I 
supplemented hydrolysis reactions at 24 h individually with Accellerase 1500, Cel7A/Cbh1, 
Cel6B/Cbh2, Cel6A/Eg1, Cel5A/Eg2 or Bgl1 and various binary combinations of these enzymes. 
The results from these experiments are presented in (Figures 31, 32, 33, 34, 35, 36, 37 and 38) 
and summarized in Table 2. 
Cbh1 consistently enhanced the yield of hydrolysis products by about 14%, Cbh2 
consistently enhanced the yield of hydrolysis products by about 33% and Bgl consistently 
enhanced the yield of hydrolysis products by about 8%. In contrast, Eg1 supplementation did not 
affect yields and Eg2 supplementation inhibited the yield by about 7%. 
Hydrolysis reactions supplemented with binary combinations of Cbh1, Cbh2, Eg1, Eg2 
and Bgl showed that the binary combinations Cbh2 and Cbh1 (Figure 34), Cbh2 and Bgl (Figure 
32), Cbh1 and Eg1 or CbH1 and Eg2 (Figure 35), Cbh2 and Eg1 or Cbh2 and Eg2 (Figure 35) 
and Bgl and Eg1 or Bgl and Eg2 (Figure 37) did not enhance hydrolysis significantly more than 
the amount expected if supplementation had been with only the component that enhanced 
hydrolysis the most (Figure 31 and 38). Interestingly, one binary combination (Cbh1 and Bgl) 
(Figure 33) enhanced hydrolysis rates by about 38%, which is significantly more than the 8% 
and 14% increase obtained when individually supplementing with Bgl (Figure 31, 32, 33 and 37) 
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or Cbh1 (Figure 31, 33, and 35) and the increase expected (about 7%) if their combined effect on 
hydrolysis was additive. This experiment was repeated four times.  
  
Figure 31: PASC (1.5%) hydrolysis by Accellerase 1500 (26.4 µg/ml), and Accellerase 1500 (26.4 
µg/ml) supplemented with purified cellulase system enzymes.  A 3 ml PASC hydrolysis reaction (1500 
µl PASC (3%), 900 µl of citrate buffer (200 mM pH 5), and 600 µl of Accellerase 1500 (132 µg/ml)) was 
divided into six 0.5 ml reactions at 24 h and five of the tubes were supplemented with 100 µl of 
Accellerase 1500, Cbh1, Cbh2, Eg2 or Bgl (132 µg/ml). The 6th tube (C) was not supplemented. The 
yield, percentage reducing sugar equivalents generated relative to the amount expected if the PASC was 
completely hydrolyzed, was determined as described in Figure 27 using aliquots taken at 0 h, 24 h, 48 h 
and 72 h. 
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Figure 32: Hydrolysis of PASC (1.5%) by Accellerase 1500 (26.4 µg/ml), and Accellerase 1500 (26.4 
µg/ml) supplemented with Cbh2, Bgl or Cbh2 + Bgl. A 2 ml hydrolysis reaction (1000 µl of PASC (3 
%), 600 µl of citrate buffer (200 mM pH 5), and 400 µl of Accellerase 1500 (132 µg/ml)) was divided 
into four 0.5 ml reactions at 24 hours. One tube (C) was not supplemented whereas 3 of the four tubes 
were supplemented with 100 µl of either Bgl (132 µg/ml), Cbh2 (132 µg/ml), or 50 µl of Bgl (66 µg/ml) 
and 50 µl Cbh2 (66 µg/ml). The yield of reducing sugar equivalents was determined as described for 







Figure 33: Hydrolysis of PASC (1.5%) by Accellerase 1500 (26.4 µg/ml), and Accellerase 1500 (26.4 
µg/ml) supplemented with Cbh1, Bgl or Cbh1 and Bgl.  A 2 ml hydrolysis reaction (1000 µl of PASC 
(3%), 600 µl of citrate buffer, and 400 µl of Accellerase 1500 (132 µg/ml)) was divided into four 0.5 ml 
reactions at 24 hours. One tube was supplemented with (100 µl of Bgl (132 µg/ml), one tube with 100 µl 
Cbh1 (132/ml µg) and one tube with 50 µl of Bgl1 and 50 µl of Cbh1 (66 µg/ml of each enzyme). The 4th 
tube (C) served as the no supplementation control. The yield of reducing sugar equivalents was 


























Figure 34:  Hydrolysis of PASC (1.5%) by Accellerase 1500 (26.4 µg/ml), and Accellerase 1500 (26.4 
µg/ml) supplemented with Cbh1, Cbh2 or Cbh1 and Cbh2. The reactions were performed as described 
for Figures 32 and 33. The yield of reducing sugar equivalents was determined as described for Figure 27 







Figure 35:  Hydrolysis of PASC (1.5%) by Accellerase 1500 (26.4 µg/ml), and Accellerase 1500 (26.4 
µg/ml) supplemented with Cbh1, Cbh1 and Eg1 or Cbh1 and Eg2. The reactions were performed as 
described for Figures 32 and 33. The yield of reducing sugar equivalents was determined as described for 
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Figure 36: Hydrolysis of PASC (1.5 %) by Accellerase 1500 (26.4 µg/ml), and Accellerase 1500 (26.4 
µg/ml) supplemented with a binary combinations, Cbh2 + Eg1 and Cbh2 + Eg2.  The reactions were 
performed as described for Figures 32 and 33. The yield of reducing sugar equivalents was determined as 






Figure 37: Hydrolysis of PASC (1.5%) by Accellerase 1500 (26.4 µg/ml), and Accellerase 1500 (26.4 
µg/ml) supplemented with Bgl, Bgl and Eg1 and Bgl and Eg2.  The reactions were performed as 
described for Figures 32 and 33. The yield of reducing sugar equivalents was determined as described for 

























Figure 38: The effect on PASC (1.5%) hydrolysis by Accellerase1500 (26.4 µg/ml), and Accellerase 
1500 (26.4 µg/ml) supplemented with purified cellulase system enzymes with Accellerase 1500, 
Iogen T. reesei cellulase system (WS), WS without Eg2, WS without Eg1 or Eg1,The reactions were 
performed as described for Figure 31. The yield of reducing sugar equivalents was determined as 































Table 2: Summary of the effect on PASC hydrolysis at 72 h of supplementation at 24 h with 
additional Accellerase 1500, WS, WS-Eg1, WS-EG2, WS-Cbh1, WS-Cbh2, Eg1, Eg2, Cbh1, 






 ( C )1 
                    
Supplementing  
component(s) 
Percentage (%) hydrolysis of 
PASC to glucose equivalents1 
72h2  
1 48.4 Cbh1 55.5 /14.4% 
2 48.4 Cbh2 64.6 /33.5% 
3 48.4 Eg1 53.8/ 11.2% 
4 48.4 Eg2  44.9 /-7.2% 
5 48.4 Acc1500 62.5/ 29.1% 
6 49.7 Bgl 54.0 /8.7% 
7 50.6 Cbh1+Eg1 56.7 /12.1% 
8 50.6 Cbh1+Eg2 56.8/ 12.3% 
9 51.3 Cbh1+Bgl 70.9/ 38.2% 
10 50.3 Cbh2+Eg1 54.5 /8.3% 
11 50.3 Cbh2+Eg2 52.6 /4.6% 
12 49.7 CB2+Bgl 57.45/ 15.6% 
13 49.7 Eg1+Bgl 54.5/ 9.7% 
14 49.7 Eg2+Bgl 53.8 /8.2% 
15 49.7 Cbh1+Cbh2 56.7/14% 
16 52.8 W.S. 68.7/30.2   
17 52.8 W.S Eg1- 57.5/8.9 
18 52.8 W.S. Eg2-  60.9/15.3 
19 49.4 VTO  48.0/ -2.8% 
    
 
 1 Yield of glucose equivalents after a 72 h hydrolysis using unsupplemented Accellerase 1500 (26.4 
µg/ml). .  
2 Accellerase 1500 (26.4 µg/ml) hydrolysis reactions supplemented with the indicated component (26.4 
µg/ml) or binary components (13.2 µg/ml for each component). 
3 The first of the two percentage values indicates the yield of reducing sugar equivalents obtained after a 
72 h hydrolysis performed using Accellerase 1500 and the supplement(s) indicated; whereas, the second 
percentage value indicates the amount of enhancement obtained with the indicated supplementation. 
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II.i. Activity and expression screening of novel cellulases  
  Racha Cheikh-Ibrahim a previous graduate student screened a library of Cbh1 and Cbh2 
enzymes and identified 7 enzymes (Sthe437, TreeCbh1; TreeCbh2; Ledo11599; Asn3751; 
Ccin11396; and Afu6g11610) that could be functionally expressed by A. niger (Racha Cheikh-
Ibrahim MSc Thesis, Expression and Characterization of Diverse Cellobiohydrolases Encoded in 
Fungal Genomes 2009 Concordia University). I wanted to determine whether these enzymes 
could enhance the hydrolysis of cellulose by the commercial cellulase system Acellerase1500. I 
began by preparing culture filtrates containing each of these cellulases expressed from ANIp7G 
that had been transformed into A. niger expression strain PY11. 
 I examined the level of expression obtained for each of the seven genes using SDS-
PAGE analysis (Figure 39).  I also used the 2-D-Quant kit to determine the level of total secreted 
protein in each culture filtrate (Table 3).  I noticed a high level of background protein in the 
filtrates prepared using A. niger strain PY11 as the expression host. 
 76 
              
Figure 39: Protein expression levels determined using SDS-PAGE (12%) analysis. Lanes 1 and 12, molecular 
weight standards with molecular sizes indicated on the left; lanes 2, 3 and 4, BSA standards loaded with 5 
µg, 7.5 µg and 10 µg, respectively; lanes 5 to 11, culture filtrates (10 µl) from PY11 transformants 
expressing Asn3751#1, Afug11610#28, Sthe437#1, Ledo11599#7, Ccin11396#34, TreeCbh1#11, and 
TreeCbh2#25; lane VTO, culture filtrate (10 µl) produced using PY11 transformed with expression vector 
ANIp7G without an insert. Arrows indicate putative recombinant enzyme bands. 
 
1I.ii. Expression of enzymes using new expression system A2P5 
Due to the relatively high levels of background protein present in the PY11 culture 
filtrates I also attempted to express the 7 previously identified cellulases using A. niger strain 
A2P5 and plasmid ANIp7MS as the expression vector. This strain has been engineered to 
produce much lower levels of contaminating native secreted proteins. Only three of the above 
seven genes, Afug11610, Asn3751 and TreeCBHI, were expressed at levels that enabled 
detection of a protein band on SDS-PAGE (Figure 40).  Furthermore only two of the above 
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seven genes, Afug11610 and Sthe437, expressed secreted cellobiohydrolase with detectable 
activity when activity assays were performed using pNPC as the substrate (Table 3). Culture 
filtrates of these two enzymes, prepared using A2P5 transformants, were used for further 
hydrolysis enhancement studies.  The total protein expression levels, target Cbh protein levels 
and cellulase activity levels obtained with culture filtrates of the PY11 and A2P5 transformants 
harbouring Sthe437, TreeCBHI; TreeCBHII; Ledo11599; Asn3751; Ccin11396; and 
Afu6g11610 are presented in Figures 39, Figure 40 and Table 3.  As expected significant bands 
corresponding to the expected Cbhs were observed in all 7 PY11 culture filtrates (Figure 39). A 
dark protein band was obtained with the Afug11610#28 filtrate and light protein bands were 
observed with the Asn3751 and TreeCbh1 culture filtrates obtained when using strain A2P5 as 
the expression host. However, recombinant protein bands were not observed in the culture 
filtrates obtained with A2P5 transformants harbouring Sthe437#1, Ccin11396#34, Ledo11599#7 
and TreeCbh2#25. As compared to PY11 very low levels of background protein were observed 




Figure 40: SDS-PAGE analysis of culture filtrates. Lanes 1 and 9, molecular weight standards with 
sizes in kDa indicated on the left; lanes 2 and 8, culture filtrates (10 µl) produced by A2P5 transformed 
with ANIp7MS without an insert, lanes, 3 to 7, and 10 and 11 culture filtrate (10 µl) produced by A2P5 
transformed with Afug11610#28, Sthe437#1, Ccin11396#34, Ledo11599#7, TreeCbh2#25, Asn3751#1 
and TreeCbh1#11. Arrows indicate putative recombinant protein bands.                    
Although light bands of Asn3751 and TreeCbh1 were observed (Figure 40), there was no 
enzyme activity obtained using the substrate pNPC to assay cellobiohydrolase activity. Hence 
these enzymes were not considered for further characterization. A strong protein band was 
observed, see lane 3 of Figure 40, with the culture filtrate for Afug11610.  Although a protein 
band was not observed for Sthe437 (lane 3 of the same figure), on account of its high activity as 
shown using the pNPC assay, Sthe437 was considered along with Afug11610 for further 
characterization. 
II.iii. Activity and expression screening of 15 additional Cbhs 
I also screened a library of 15 novel fungal Cbhs for their ability to be functionally 
expressed by A. niger strain A2P5 (Table 3).  I began by screening each culture filtrate for 
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cellobiohydrolase activity using the chromogenic substrate pNPC at pH value of 5, in microtitre 
plates.  As a control I also included culture filtrates prepared using A. niger transformed with 
ANIp5, the expression vector used for cloning the 15 novel fungal Cbhs, lacking an insert. The 
filtrates with highest activity were then chosen for further analysis and characterization. 
Table 3: Screening fungal exoglucanases for functional expression in A. niger 
 








observed (O) and 
predicted (P) 
pNPC 
activity  5 
1. PY11 ANIp5 (VTO) /A2P5 
ANIp5 (VTO) 
1.6 NAp 3/NAp NAp/NAp 1 ±0.027/1±0.001 




3. TreeCbh1 transformant 
# 11 
1.66 0.8 PY11/>0.2 A2P5 65 (O) PY11/ 52.3 
(P) 
5 ±0.044/1±0.016 
4. TreeCbh2 transformant  
# 25 
1.28 0.8 PY11/ND A2P5 55 (O) PY11 / 47.9 
(P) 
6 ±0.011/1±0.016 
5. Sthe437 transformant # 
1/Cbh1 
0.56 0.02 PY11/ND A2P5 52 (O) PY11 / 54.0 
(P) PY11 
5 ±0.017/8±0.001* 
6. Ledo11599 transformant  
#7 /Cbh2 
1.60 0.03 PY11/ND A2P5 55 (O) PY11 / 44.3 
(P) PY11 
6 ±0.073/1±0.024 
7. Ccin11398 transformant  
#34 34/Cbh2 
0.32 0.01 PY11/ND A2P5 55 (O) PY11/ 42.0 
(P) PY11 
3 ±0.059/1±0.013 
8. Asn3751 transformant # 
1 (Cbh2) 
1.37 .02 PY11/>0.2 A2P5 50 (O) PY11 / 46.2 
(P) 
ND 
9. Seq 235 SnodCbh6B-2 
(Cbh2) 
ND 3 NDe3  A2P5 NDe (O) / 46.7 (P) 1 ±0.015 
10. Seq 271 NdisCbhGH7B-2 
(Cbh1) 
ND NDe A2P5 NDe (O) / 48.9 (P) 1 ±0.006 
11. Seq 273 NdisCbhGH6C-2 
(Cbh2) 
ND ND A2P5 95 (O) / 37.0 (P) 2 ±0.006* 
12. Seq 274 NdisCbhGH6A-1 
(Cbh2) 
0.24 NDe A2P5 95 (O) / 49.0 (P) 4 ±0.02** 
13. Seq 276 TvirCbhGH6A-1 
(Cbh2) 
ND NDe A2P5 95 (O) / 47.8 (P) 2 ±0.041* 
14. Seq 279 VdahCbhGH7C-
1 (Cbh1) 
ND NDe A2P5 95 (O) / 55.5 (P) 1 ±0.011 
15. Seq 284 VdahCbhGH7A 
(Cbh1) 
ND NDe A2P5 98 (O) / 55.0 (P) 1 ±0.007 
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16. Seq 285 AoryCbhGH7A 
(Cbh1) 
2.8 0.5 A2P5 85,80 (O) / 46.9 (P) 18 ±0.044** 
17. Seq 268 SnodCbhGH7A 
(Cbh1) 
ND NDe A2P5 95 (O) / 43.0 (P) 1 ±0.004 
18. Seq 270 NdisCbhGH7A 
(Cbh1) 
0.26 0.3 A2P5 80 (O) / 53.2 (P) 6 ±0.002** 
19. Seq 275 TvirCbhGH7A 
(Cbh1) 
ND 0.2 A2P5 80 (O) / 51.3 (P) 2 ±0.018* 
20. Seq 277VdahCbhGH7D 
(Cbh1) 
ND ND A2P5 55 (O) / 46.8 (P) 2 ±0.016* 
21. Seq 278 VdahC bhGH7B 
(Cbh1) 
ND ND A2P5 57 (O) / 52.3 (P) 1 ±0.012 
22. Seq 282 TterCbhGH7A 
(Cbh1) 
0.52 ND A2P5 72 (O) / 43.4 (P) 27 ±0.035** 
23. Seq 283 VdahCbhGH6A 
(Cbh2) 
ND ND A2P5 75 (O) / 48.8 (P) 1 ±0.013 
24. VTO ND ND A2P5 NAp (O) / NAp (P) 1 ±0.003 
 
1 Cbh genes with IDs beginning in four letters and Asn3751 were cloned into expression vector ANIp7G 
(Masters et al.) and transformed into A. niger strains PY11 and A2P5. When using PY11 as the 
expression host 20 to 75 independent transformants were screened for cellobiohydrolase activity and the 
transformant that expressed the most Cbh activity was selected for characterization (e.g.: transformant # 
28 for Afug11610). When using strain A2P5 as the expression host 10 to 30 independent transformants 
were pooled and conidia from the pooled transformants were used to inoculate a single culture for Cbh 
production. Cbh genes with IDs beginning with Seq were cloned into expression vector ANIp5, 
transformed into A. niger strain A2P5 and culture filtrates prepared with a pool of 10 to 30 independent 
transformants. 
2 Total secreted protein (mg/ml) determined for culture filtrates prepared using PY11 transformants was 
determined using the 2-D-Quant kit.  
3 ND, not determined; NAp, not applicable; and NDe, protein band not detected. 
4 Heterologous protein expression was estimated by SDS-PAGE using a BSA standard and densitometry 
to determine relative band intensities. 
5 pNPC activity levels as the fold-increased enzyme activity obtained using the A. niger transformants 
indicated relative to the activity observed with the same expression strain transformed with the expression 
vector without an insert. If there are 2 values, the first value is the relative increased activity observed 
with strain PY11 transformants and the second value is the relative activity obtained with the pooled 
A2P5 transformants. Moderate levels of expression * (> 2 times to < 7 times the level of expression 
obtained with the VTO control): Moderate levels of expression ** (> 7 times the level of expression 








Transformants that expressed at least 8 times the activity levels obtained with the VTO, 






Figure 41: Protein expression levels determined using SDS-PAGE (12%) analysis. Lanes 1 and 6, 
molecular weight standards with sizes in kDa indicated on the left; lanes 2, 3 and 4 are BSA standards 
loaded with 5 µg, 7.5 µg and 10 µg of BSA, respectively, lanes 5, 7 and 8 are loaded with 10 µl of culture 
filtrate prepared from the VTO, AoryCbhGH7A and TterCbhGH7A, respectively. 
 
  Protein bands were obtained for both the enzymes TterCbhGH7A and AoryCbhGH7A. A 
diffused band was seen for TterCbhGH7A. A double band was observed in case of 
AoryCbhGH7A. One of the bands was 80 kDa and the other 85 kDa, both of which are higher 
than the predicted weight 46.9 KDa, suggesting differential glycosylation of the protein. Very 
light protein bands can be observed for the VTO in lane 5. 
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II.iv. Developing a PASC hydrolysis assay for 2% PASC with Accellerase 1500 activity rate 
limiting for hydrolysis rates and product yield 
In order to work on more concentrated substrate, based on earlier results I devised 
another set of experiment using 2% PASC instead of 1.5% PASC.  Since 2% PASC is 1.33 times 
more concentrated than 1.5% PASC, I designed an experiment using different concentrations of 
Accellerase 1500 with an aim of finding the Accellerase 1500 concentration that would yield 
about 50% hydrolysis at 72 hours. I previously determined that using 26.4 µg/ml of Accellerase 
1500 would result in about 50% hydrolysis when using 1.5% PASC as the substrate (Figure 30). 
When I kept the substrate to enzyme loading ratio the same but used PASC (2 %) and 
Accellerase 1500 (35.2 µg/ml) I obtained only 42.7% hydrolysis (data not shown).  The reduced 
hydrolysis obtained with the higher concentration of PASC (2%) maybe due to variations in the 
substrate (PASC), which has to be manually ground and mixed during its preparation (Material 
& Method). Hence I decided to determine the hydrolysis levels obtained with two higher 
concentrations of Accellerase 1500 (44 µg/ml and 88 µg/ml). The reactions were carried out at 
37ºC using a rotator as described in Design # 1 Materials and Methods. This experiment (Figure 
42) showed that I could use hydrolysis reactions containing 2% PASC and 44 µg/ml 
Accelerase1500 to assess the ability of the four novel cellulases identified above to 
synergistically enhance cellulose hydrolysis rates and/or yields. 
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Figure 42: Hydrolysis of PASC (2%) with Accellerase 1500 (44 µg/ml) blue or Accellerase 1500 (88 
µg/ml) orange. PASC hydrolysis was performed for 72 h at 37ºC and 80 RPM as described in the 
Materials and Methods. Each of the 1 ml reaction tubes consisted of 500 µl of PASC (4%), 300 µl of 
citrate buffer (200 mM pH 5), and 200 µl of Accellerase 1500 (220 µg/ml and 440 µg/ml). The yield of 
reducing sugar ends expressed as a percentage of the theoretical yield if 100% of the 2% PASC was 
converted to glucose monomers was determined as described for Figure 27. Aliquots were taken at 0 h 
and 72 h.  
 
II.v. Hydrolysis enhancement studies using the novel enzymes: 
  The four selected CBH enzymes; Afu6gCbhGH7A, Sthe437CbhGH7A, TterCbhGH7A 
and AoryCbhGH7A were tested for their ability to enhance the hydrolysis of PASC (2%) by 
Accellerase 1500  using hydrolysis strategies Design #1 and Design #2 (Figure 43 and 44) as 





















Figure 43: Design #1, enhancement of PASC (2%) hydrolysis by Accellerase 1500 (44 µg/ml) by 
supplementation at 24 h with Afu6gCbhGH7A, Sthe437CbhGH7A, AoryCbhGH7A and 
TterCbhGH7A.  At 0 h a 3 ml PASC hydrolysis reaction (PASC (2%) and Accellerase 1500 (44 µg/ml) 
prepared by combining 1,500 µl of PASC (4%), 900 µl of citrate buffer (200 mM pH5), and 600 µl of 
Accellerase 1500 (220 µg/ml) was incubated at 37ºC and 80 RPM. At 24 h the 3 ml reaction was divided 
into six 0.5 ml reactions and the indicated enzymes (22 µg in 100 µl) were added. The yield of reducing 
sugar ends expressed as a percentage of the theoretical yield if 100% of the 2% PASC was converted to 
glucose monomers was determined as described for Figure 27. The yield of reducing sugar equivalents 


























     
Figure 44: Design #2, enhancement of PASC (2%) hydrolysis by Accellerase 1500 (70.4 µg/ml) by 
supplementation with novel Cbhs, Afu6gCbhGH7A, Sthe437CbhGH7A, AoryCbhGH7A and 
TterCbhGH7A (17.6 µg/ml). Hydrolysis reactions (500 µl) were prepared by combining 250 µl of 
PASC (4%), 150 µl of citrate buffer (200 mM pH 5), 80 µl of Accellerase 1500 (440 µg/ml) and 20 µl of 
Afu6gCbhGH7A, Sthe437CbhGH7A, AoryCbhGH7A, TterCbhGH7A or Accellerase 1500 (440 µg/ml) 
or 10 mM citrate buffer (10 mM pH 5). PASC hydrolysis assays were incubated for 72 h at 37ºC and 80 
RPM as described for Design #2. The yield of reducing sugar ends expressed as a percentage of the 
theoretical yield if 100% of the 2% PASC was converted to glucose monomers was determined as 
described for Figure 27.          
 
 In Design#1, supplementation with enzyme TterCbhGH7A increased hydrolysis by about 
24% and that by Afu6gCbhGH7A increased hydrolysis about 22% as compared to the 
unsupplemented reaction. Sthe437CbhGH7A and Accellerase 1500 supplementation increased 
hydrolysis by approximately 14% and 16%, whereas enzyme AoryCbhGH7A supplementation 
increased hydrolysis the least, about 7%.  Using Design#2, I observed that supplementation at T= 
0 h with enzymes TterCbhGH7A  and Afu6gCbhGH7A increased hydrolysis by 27% and 24% 
respectively, supplementing with Sthe437CbhGH7A and Accellerase 1500 increased hydrolysis 
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by 18% and 15% respectively, whereas supplementing the hydrolysis reaction with enzyme 
AoryCbhGH7 did not increase PASC hydrolysis significantly.  A summary comparing the results 
obtained using Design#1 and Design#2 is presented in Table 4. 
Table 4: Summary of percentage hydrolysis of PASC (2%) at 72 h using novel cellulases 
and screening methods Designs #1 and Design #2  
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1 Yield of reducing sugar ends expressed as a percentage of the theoretical yield of reducing sugar ends 
expected if 100 % of the 2% PASC was converted to glucose monomers. The yield of total reducing sugar 
equivalents was determined for Design#1and 2, as described for Figure 43 and 44.  PASC hydrolysis was 
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performed for 72 h at 37 ºC and 80 RPM as described in Materials and Methods. Aliquots were taken at 
time 0, 24, 48 and 72 hours and reducing sugar ends in the whole mixture were determined. 
2 PASC hydrolysis reactions reaction (500 µl) with Accellerase 1500 (44 µg/ml) and supplementation at 
24 h with 100 µl of the indicated enzyme or enzyme system (22 µg) final volume of 600 µl of 
hydrolysate. 
3 NA indicates not applicable. 
4 The first of the two percentage values indicates the hydrolysis enhancement obtained when 
supplementing with the indicated test enzyme relative to that obtained with only 44 µg/ml or Accellerase 
1500 added at t = 0 h, whereas the second percentage value indicates the enhancement observed relative 
to that obtained when 44 µg/ml Accellerase 1500 was supplemented with Accellerase 1500 at 44 µg/ml at 
t = 24 h. 
5 The first of the two percentage values indicates the hydrolysis enhancement obtained when 
supplementing with 17.6 µg/ml the indicated test enzyme relative to that obtained with only 70.4 µg/ml of 
Accellerase 1500 added at t = 0 h, whereas the second percentage value indicates the enhancement 
observed relative to that obtained with 70.4 µg/ml Accellerase 1500 supplemented with 17.6 µg/ml of 

















III.i. End product analysis using the Dionex ICS-5000 Ion Chromatography System 
   For end product analysis, I used samples obtained at 72 h from experiments performed by 
using the enzymes in Table: 2 and novel enzyme Afu6gCbhGH7A using Design#1. Dionex 
CarboPac column 10 was used to analyse each hydrolysis reaction sample (10 µl). Standards 
were prepared by using 0.000244 mM to 0.50 mM concentrations of glucose and cellobiose. 
Figure 19 presents the analysis obtained from the Dionex system for sample Eg1-72 (Iogen T. 
reesei system (WS) without Eg1) at 72h.  The results obtained showed two peaks.  The first large 
peak indicated presence of glucose and second peak indicated cellobiose. Peak height and peak 
area values of the standards obtained were plotted on graphs. The graphed standards were used to 
determine the amount of glucose and cellobiose in each of the 21 different 72 h hydrolysis 
reactions presented in Table 5. 
 The major end products obtained were glucose and cellobiose.  The concentration of 
glucose was found to be significantly higher than that of cellobiose.   As observed when 
measuring hydrolysis rates using the BCA assay, the highest levels of hydrolysis observed with 
Dionex analysis were Accellerase 1500 supplemented with Afu6gCbhGH7A (>73%), followed 
by Accellerase 1500 supplemented Cbh2 (>67%), followed by binary combination Cbh1 and Bgl 
(>61%) and Cbh2 + Bgl (57.8%). The lowest glucose yields were obtained with the VTO 
(45.8%), Eg1 (46.6) and Eg2 (42.5%) respectively (Table 5). The lowest levels of cellobiose 
production were obtained in samples supplemented with only Bgl or the binary combinations 
that included Bgl with two exceptions. One exception was the binary combination of Bgl and 
Eg2, which showed that cellobiose accounted for greater than 2 % of the input PASC and when 
supplementation was with the VTO where cellobiose was less than 0.1 % of the input PASC. The 
above results suggest that Afu6gCbhGH7A is a strong candidate for synergistic action with 
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commercial cellulase systems and that the VTO produced by expression strain A2P5 contains 






Figure 45:  Sample analysis chart presented by Dionex ICS 5000 analysis of a 72 h PASC (2%) 
hydrolysis reaction with WS – EG1. Top panel includes the following; the sample name/number, the 
sample injection volume, the flow rate of eluent and the run time in minutes.  Middle panel, the first tall 
peak indicating glucose is seen at 4.0 min and a very short peak indicating cellobiose at 10.35 min. The 
lower panel shows the retention time, peak height, peak area, relative area and relative amount of the 
peaks with the only significant peaks correspond to glucose and cellobiose. 
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Table 5: Summary of percentage hydrolysis of PASC at 72 h. 
 (Results obtained using Dionex ICS 5000 for sample analysis at 72 h)  
                  No. 
Accellerase 
1500 (C) or 
Accellerase  
supplemented 




hydrolysis of PASC 
(%) to Glucose 
Percentage 
hydrolysis of 
PASC (%) to 
Cellobiose 
72h   
1 C 47.5 2.6 
2 Cbh1 55.8 2.5 
3 Cbh2 67.3 2. 8 
4 Eg1 46.6 1.7 
5 Eg2  42.6 2.1 
6 Acc1500 60.8 1.4 
7 Bgl 56.3 0.1 
8 Cbh1+Eg1 52.9 2.8 
9 Cbh1+Eg2 54.8 2.2 
10 Cbh1+Bgl 61.0 0.9 
11 Cbh2+Eg1 50.9 2.7 
12 Cbh2+Eg2 42.7 2.4 
13 Cbh2+Bgl 57.8 0.4 
14 Eg1+Bgl 54.0 0.6 
15 Eg2+Bgl 51.5 2.2 
16 Cbh1+Cbh2 51.4 2.1 
17 W.S. 63.5 0.6 
18 Eg1- 58.7 2.5 
19 Eg2- 57.8 2.5 
20 VTO  45.8 0.1 
21 * Afu6gCbhGH7A 72.9 2.7 
 
Table 5: Summary of percentage hydrolysis of PASC at 72 h using Dionex ICS 5000.  All the 
samples analysed for glucose and cellobiose concentrations were obtained using the 72 h hydrolysis 
reaction using Accellerase 1500 and the indicated supplementations. For each hydrolysis reaction a 10 µl 
sample was analysed using Dionex CarboPac column 10.  Yield of reducing sugar ends expressed as a 
percentage of the theoretical yield of reducing sugar ends expected if 100% of the 1.5% or 2%(*) PASC 
was converted to glucose monomers or cellobiose. The yield of total reducing sugar equivalents for 1.5% 
PASC was determined as described for Figure 31 and for 2% PASC was determined as for Figure 43. The 
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yield of total reducing sugar equivalents (cellobiose) for 1.5% or 2% PASC was determined as complete 




IV.Bioinformatic analysis of cellobiohydrolase sequences 
 
I identified six Cbh genes Afu6g11610CbhGH7A, Sthe437CbhGH7A, 
Seq274NdisCbhGH6A, Seq-285AoryCbhGH7A, Seq270NdisCbhGH7A and Seq-
282TterCbhGH7A that could be functionally expressed by A. niger strain A2P5 (Table 3). I used 
all six novel enzymes for phylogenetic analysis.  I began the phylogenetic analysis by using the 
protein sequences encoded by these six genes, which are available in Appendix Table 1A, to 
perform a ClustalW alignment. The ClustalW alignments were then used to generate a 
phylogram (Figure 46).  The six cellobiohydrolases, (Afu6gCbhGH7A, StheCbhGH7A, 
NdisCbhGH6A, AoryCbhGH7A, NdisCbhGH7A and TterCbhGH7A) fell into three distinct 
groups.  Afu6gCbh1GH7A, NdisCbh1GH7A, StheCbh1GH7A and AoryCbh1GH7A, which all 
belong to GH subfamily GH7A, formed one group; whereas, TterCbhGH7A, apparently belongs 
to its own group as did NdisCbh2GH6A, which belongs to GH family GH6A.    The fact that 
TterCbhGH7A did not group with the other GH7A enzymes was unexpected. I therefore used the 
predicted amino acid sequence of TterCbhGH7A to do a protein/protein Blast search of the non-
redundant protein database at NCBI. The results obtained indicated that TterCbhGH7A not does 
not belong to the GH7A/Cbh1 subgroup but rather belongs to the GH7B/Eg1 subgroup of GH7. 
Protein sequence alignments also showed that Afu6gCbhGH7A, CbhGH7A, NdisCbhGH7A and 
NdisCbhGH6A, include a family one carbohydrate binding module (CBM1) domain, where the 
three GH7A members have the CBM1 at their C-terminal ends and the lone GH6A member has a 
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CBM1 at its N-terminal end.  Neither AoryCbhGH7A nor TterCbhGH7A, which is apparently a 
Cbh7B, have a CBM1.   
Phylogram: 
A phylogram is a branching diagram showing the inferred evolutionary relationships between 
various biological species or other entities based on physical and/or genetic similarities and 
differences.  Only the enzymes that were successfully expressed at “high levels” were used to 
make the Phylogram (Figure 46). 
 
Figure 46. Molecular Phylogenetic tree constructed using ClustalW. 
The phylogenetic tree is based on the degree of similarities between the aligned sequences. It was built 
using ClustalW. Phylogenetic tree was rooted using an outgroup. Outgroups are similar to the sequences 
of interest but belong to a species that diverged earlier than any of the members that are being compared. 
For cellobiohydrolases expressed in fungal species, the outer group used was endoglucanase from 
bacteria Ruminiclostridium thermocellum BC1.  
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                                           DISCUSSION 
 The main objective of this study was to screen a library of fungal cellobiohydrolases for 
enzymes that could enhance the hydrolysis the model cellulosic substrate PASC by the 
commercial cellulase system Accellerase 1500. In the first set of experiments I followed the total 
amount of reducing sugar ends produced and the amount of soluble reducing sugar ends 
produced during the hydrolysis of PASC by Accellerase 1500. The results of this experiment 
showed that the amount of reducing ends present in the supernatant was significantly less than 
the amount present in the whole reaction after 1 h and 2 h of incubation; however, after 
incubation for 24 h the amount of reducing sugar ends in the supernatant and whole reaction 
were not significantly different.  
        In order to identify which component or components of the Accellerase1500 cellulase 
system were limiting the production of and or yield of reducing sugar ends during the hydrolysis 
of PASC by Accellerase 1500, I began by establishing hydrolysis conditions where the amount 
of Accellerase 1500 used limited the hydrolysis rate and yield when 1.5% PASC was used as the 
substrate. Based on the results from these experiments (Figures 28, 29 and 30) I decided to use a 
72 hour hydrolysis reaction using PASC (1.5% w/v), 32 µg/ml of Accellerase 1500 at 50 °C, 
because this combination resulted in a limiting hydrolysis rate and yield.  These results, 
presented in Figures 28, 29 and 30, also showed that supplementing with additional Accellerase 
1500 enhanced not only the hydrolysis rates but also the yield suggesting that supplementation 
replaces an Accellerase 1500 component that is inactivated during the hydrolysis.  Banerjee G et 
al.  2010, 2011 and Gao D et al. 2010, in their studies found that optimal cellulase system 
composition varied depending on the type of substrate used.  Although my results show that one 
or more components of the cellulase system were limiting hydrolysis they did not show which 
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component(s) were limiting. To identify which component(s) was limiting hydrolysis rates I 
supplemented my rate limiting hydrolysis reaction (72 hour hydrolysis reaction performed at 50 
°C using PASC (1.5% w/v) as the substrate and 132 µg/ml of Accellerase 1500 at 24 hours with 
132 µg/ml of each of the four major T. reesei cellulases Cbh1, Cbh2, Eg1 and Eg2, a Bgl from A. 
niger and Accellerase1500 (Table 2). The results indicated that supplementing the reaction 
mixture with either Accellerase 1500, or Cbh2 enhanced the amount of reducing sugar ends 
produced by the most, 29% and 33%, respectively. Cbh1, Eg1 and Bgl enhanced the yields by 
about 14%, 11%, and 9%, respectively. Interestingly, Eg2 supplementation actually reduced the 
amount of reducing sugar ends produced by about 7%. I also supplemented the reaction with 
binary combinations of Cbh1, Eg1 Eg2 and Bgl (a 66 µg/ ml of each enzyme). With one 
exception, all binary combinations reduced the amount of reducing ends produced relative to the 
amount obtained when supplementation was with 132 µg/ml of only the top performing cellulase 
system component. Supplementation with the binary combination Cbh1 and Bgl enhances 
hydrolysis by 38%. This was significantly greater than the sum of the amount obtained when 
supplementation was with only Cbh1 (14.4%) or only Bgl (8.7%). This result suggests that 
Cbh1+Bgl showed synergism. 
             My results with the binary combination, Cbh1 and Bgl are consistent with the previous 
past reports of synergism between exocellulases Cbh1 and Cbh2, between endocellulases and 
exocellulases and between Bgls and cellulases (Andersen N et al. 2010, Gao PJ et al. 2010, 
Woodward J et al. 1991).  
  I screened a library of Cbh enzymes that were transformed into A. niger host strain PY11. 
I noticed a high protein background in the PY11 filtrates (Fig13).  Hence, the recombinant 
proteins were expressed again, using A. niger   strain A2P5, which produced much lower levels 
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of background activity (Fig 14).  However, only two of the above seven enzymes were 
successfully expressed Afu6g11610CbhGH7A and Sthe437CbhGH7A.  Both the enzymes were 
expressed at high levels but only Afu6gCbhGH7A showed a protein band on 12% SDS-PAGE 
gel (Fig 14).  These two enzymes were characterised further using hydrolysis enhancement 
studies (data discussed later). 
                     Culture filtrates were also prepared using A. niger strain A2P5 transformed with 
expression vector ANIp7MS harbouring 15 different Cbh cDNA or gDNA clones. The 15 culture 
filtrates were screened for cellobiohydrolase activity using pNPC as the substrate. CBHs are able 
to hydrolyze the agluconic bond between the nitrophenyl and carbohydrate moiety in pNPC 
producing p-nitrophenol, which can be measured using a spectrophotometer (Table 3).   Four of 
the total 15 culture filtrates exhibited high very significant levels of cellobiohydrolase activity as 
compared to the negative control (VTO).  These enzymes, AoryCbhGH7A, NdisCbhGH6A-1, 
NdisCbhGH7A and TterCbhGH7A were further examined for protein expression using SDS-
PAGE (Figure15) and 2-D-Quant kit analysis (Table 4).  No band was observed for enzyme 
NdisCbhGH6A. A double band was observed in case of AoryCbhGH7A suggesting 
heterogeneous glycosylation.  
    I selected the four enzymes that were expressed at the highest levels by A2P5, 
Afu6g11610CbhGH7A, Sthe437CbhGH7A, AoryCbhGH7A and TterCbhGH7A for hydrolysis 
enhancement studies using PASC (2% w/v).  I decided to use two different designs, Design#1 
and Design#2 to study PASC hydrolysis enhancement.    As explained earlier in Design#1, 
Accellerase 1500 was added at the beginning (T= 0 h) to the reaction with 2% PASC and at 24 
hours (T=24 h) reactions was supplemented with equal amount (220 µg/ml) of each novel 
cellulases.  Adding Accellerase 1500, at the beginning to the reaction might permit loosening of 
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the compact chains, which then could be acted upon by the supplemented enzymes that were 
being tested. The advantage of this design was that variations that arise within single experiment 
could be reduced by using a common starting stock of hydrolysate containing Accellerase 1500 
for testing the enzymes.  However, when the stock hydrolysate was transferred into different 
tubes there was a possibility that unequal proportion of PASC and Accellerase1500 was being 
distributed within the tubes causing variations in the results.  In order to overcome this 
shortcoming of the experimental Design#1, Design#2 was also used.  In the Design#2 method, 
the commercial cellulase and the novel cellulase being tested were added at the beginning to the 
reaction.  Separate tubes were prepared for each time point thus the transfer of hydrolysate 
between tubes was avoided.  Testing the enzymes on different starting stock caused some 
variations in the results within the same experiment but gave greater resolution with respect to 
enzyme action on PASC.   
                Supplementation of hydrolysis reaction with enzyme TterCbhGH7A increases 
hydrolysis by about 24% and that by Afu6gCbhGH7A with 22% respectively, in Design#1 
whereas by 27% and 24% in Design#2.  Sthe437CbhGH7A and Accellerase1500 
supplementation showed an increase by approximately 16% and AoryCbhGH7A by 6% in 
Design#1, whereas in Design#2 the Sthe437CbhGH7A and Accellerase1500 supplementation 
showed an approximate increase by 15% and 18% respectively.  No significant increase was 
shown by AoryCbhGH7A. 
  Supplementation of the hydrolysis reaction with enzymes TterCbhGH7A and 
Afu6gCbhGh7A enhanced hydrolysis by 48.8% and 45.3% in Design#1 and 48.8% and 43.7%, 
in Design#2.  StheCbhGH7A, AoryCbhGH7A and Accellerase 1500 supplementation increased 
hydrolysis by 33.6%, 14.2% and 28.7% in Design#1, and 45.5%, 2.2% and 30.5% in Design#2. 
 98 
The above results clearly show that both the designs are capable of screening enzymes based on 
their hydrolytic potentials.   Design#1 however has the advantage of being able to screen a larger 
number of enzymes at the same time because fewer tubes are required (Design#1 would need 12 
tubes for 1 enzymes whereas Design#2 would require 29).  Enzymes Afu6gCbhGh7A, 
TterCbhGH7A and StheCbhGH7A all look like promising candidate enzymes since they 
enhanced the hydrolysis rates and yields to a greater extent than did Accellerase 1500.  
Product analysis was performed on PASC hydrolysis reactions using Dionex ICS 5000. 
Product analysis was performed on samples harvested after 72-hour of hydrolysis of using the 
enzymes listed in Table 1 as well as Afu6gCbhGH7A. The results showed that the major soluble 
product detected in all cases was glucose and that cellobiose was present at very low detectable 
levels. This may be due to the glucose resistant β-glucosidase from A. niger, which is included in 
Accellerase 1500, preventing the accumulation of cellobiose. 
The ion chromatography results show that the glucose levels obtained in the hydrolysis 
reactions are similar to the levels of reducing sugar ends determined using the BCA assay 
(compare the results in table 4 with table 2).  Hydrolysis reactions where Accellerase 1500 was 
supplemented with Afu6gCbhGH7A produced the highest of glucose followed by the reactions 
supplemented with Cbh2, Cbh1+Bgl, and then Accellerase1500. 
The bioinformatics analysis of the protein sequences of the six screened enzymes show 
that Sthe437, NdisCbhGH7A, Afu6g11610 and AoryCbhGH7A belong to Glycosyl Hydrolase 
Family 7 (GH7), whereas NdisCbhGH6A belongs to Glycosyl Hydrolase Family 6 (GH6). 
TterCbhGH7A belonged to its own group. Sthe437, NdisCbhGH7A, Afu6g11610 and 
NdisCbhGH6A all include a conserved family one carbohydrate binding module (CBM1) or 
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fungal carbohydrate binding domain (fCBD), with the three GH7 enzymes having the CBM at its 
C-terminal end and the GH6 enzyme having its CBM at its amino terminal end.  
  Enzymes that belong to GH7 may have three different activities using retaining 
mechanism: endoglucanase activity, reducing-end cellobiohydrolase activity, or chitosanases 
activity. Indeed the cloned 400-Seq275TterCbhGH7A gene does not encode a C-terminal CBM 
and shows a high degree of similarity both GH7 member endoglucanases and exoglucanases. 
Whether this enzyme is an endoglucanase or exoglucanase awaits further analysis including 
sequence alignments to determine whether it like the exoglucanases possesses the inserts for 
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Fprimer: Afu6g11610:cbh1: F: NheI (29 ntp, Tm 55, 8): 
AGAATGCTAGCATAATGCTGGCCTCCACC 
 


























>389- Seq- 274 NdisCbhGH6A-1 
Primers: 
 122 
274 NdisCbhGH6A: F: SpeI AGAATACTAGTATGGC TGCCAAGAAGCTC 

























>393-Seq- 285 AoryCbhGH7A 
Primers: 
285 AoryCbhGH7A: F: NheI AGAATGCTAGCATAATGGCTTCCCTTTCCCTCTC 


























396-Seq 270 NdisCbhGH7A 
Primers: 
270 NdisCbhGH7A: F: NheI AGAATGCTAGCATAATGCTCGCCAAGTTCGCTG 



























>400-Seq 275 TterCbhGH7A 
Primers: 
275 TvirCbhGH7A: F: NheI AGAATGCTAGCATAATGTATCAGAAATTGGCCGCCATC 
275 TvirCbhGH7A: R: FseI AGACTAGGCCGGCCTTACAGACACTGAGAATAGTATGGGTTCAGAACC  
Gene sequence: 
ATGGCGCCCAAGTCTACAGTTCTGGCCGCCTGGCTGCTCTCCTCGCTGGCCGCGGCCCAGCAGATCGGCAAAGC
CGTGCCCGAGGTCCACCCCAAACTGACAACGCAGAAGTGCACTCTCCGCGGCGGGTGCAAGCCTGTCCGCACCT
 125 
CGGTCGTGCTCGACTCGTCCGCGCGCTCGCTGCACAAGGTCGGGGACCCCAACACCAGCTGCAGCGTCGGCGGC
GACCTGTGCTCGGACGCGAAGTCGTGCGGCAAGAACTGCGCGCTCGAGGGCGTCGACTACGCGGCCCACGGCGT
GGCGACCAAGGGCGACGCCCTCACGCTGCACCAGTGGCTCAAGGGGGCCGACGGCACCTACAGGACCGTCTCGC
CGCGCGTATACCTCCTGGGCGAGGACGGGAAGAACTACGAGGACTTCAAGCTGCTCAACGCCGAGCTCAGCTTC
GACGTCGACGTGTCCCAGCTCGTCTGCGGCATGAACGGCGCCCTGTACTTCTCCGAGATGGAGATGGACGGCGG
CCGCAGCCCGCTGAACCCGGCGGGCGCCACGTACGGCACGGGCTACTGCGACGCGCAGTGCCCCAAGTTGGACT
TTATCAACGGCGAGGTATTTCTTCTCTCTTCTGTTTTTCTTTTCCATCGCTTTTTCTGACCGGAATCCGCCCTC
TTAGCTCAACACCAACCACACGTACGGGGCGTGCTGCAACGAGATGGACATCTGGGAGGCCAACGCGCTGGCGC
AGGCGCTCACGCCGCACCCGTGCAACGCGACGCGGGTGTACAAGTGCGACACGGCGGACGAGTGCGGGCAGCCG
GTGGGCGTGTGCGACGAATGGGGGTGCTCGTACAACCCGTCCAACTTCGGGGTCAAGGACTACTACGGGCGCAA
CCTGACGGTGGACACGAACCGCAAGTTCACGGTGACGACGCAGTTCGTGACGTCCAACGGGCGGGCGGACGGCG
AGCTGACCGAGATCCGGCGGCTGTACGTGCAGGACGGCGTGGTGATCCAGAACCACGCGGTCACGGCGGGCGGG
GCGACGTACGACAGCATCACGGACGGCTTCTGCAACGCGACGGCCACCTGGACGCAGCAGCGGGGCGGGCTCGC
GCGCATGGGCGAGGCCATCGGCCGCGGCATGGTGCTCATCTTCAGCCTGTGGGTTGACAACGGCGGCTTCATGA
ACTGGCTCGACAGCGGCAACGCCGGGCCCTGCAACGCCACCGAGGGCGACCCGGCCCTGATCCTGCAGCAGCAC
CCGGACGCCAGCGTCACCTTCTCCAACATCCGATGGGGCGAGATCGGCAGCACGTACAAGAGCGAGTGCAGCCA
CTAG 
 
 
 
 
 
 
 
